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Useful Math 


ALGEBRA 


Algebra is the arithmetic of symbols that represent numbers. Since algebra is not restricted to relationships among 
specific numbers, it can express more general relationships among quantities whose numerical values need not 
be known. 

The operations of addition, subtraction, multiplication, and division have the same meaning in algebra as in 
arithmetic. Thus the formula 


7 (a+ b)c 
5 r, 


means that to find the value of x, we must first add a and b, next multiply by c, then divide by d, and finally 
subtract e. 

The rules for multiplying and dividing positive and negative quantities are as follows: If the quantities are 
both positive or both negative, the result is positive; if one is positive and the other negative, the result is negative. 
In symbolic form, 


(+a)(+b) = (—a)(—b) = +ab (—a)(+b) = (+a)(—b) = —ab 
Spe a “a ta a 
4b <b +b —b »b 


SOLVED PROBLEM 1.1 
Simplify the expression 2a — 3(a + b) + 4(2a — b). 


Since 3(a + b) = 3a + 3b and 4(2a — b) = 8a — 4b, 


2a — 3(a+ b) + 4(2a — b) = 2a — 3a — 3b + 8a — 4b 
= (2—3+4+8)(a) —- 34+ 4)(b) = 7a — 7b = T(a — b) 


SOLVED PROBLEM 1.2 


Find the value of v in the equation 


when x = 15, y= 3,z=4, andw = 10. 
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We proceed as follows: 
1. Subtract y from x to give 
xe-y=15-3=12 


2. Divide x — y by z to give 


3. Multiply (x — y)/z by 5 to give 
5 (=) = (5)(3) = 15 
Ka 


4. Add w to 5(x — y)/z to give 


x—-y 
v=5 +w=15+10=25 
z 


SOLVED PROBLEM 1.3 


Examples of multiplication and division: 


—16 
10 

(2)(—4) = -8 ==? 
oy 

(—12)(6) = —72 7 =76 


SOLVED PROBLEM 1.4 
Find the value of w in the equation 


xy 
x+y 


when x = 5 and y = —6. 
Here xy = (5)(—6) = —30 and x + y=5+(—6) = 5 —6= —1. Hence 


Sp al eee, 
x+y -1 


EQUATIONS 


An equation is a statement of equality: Whatever is on the left-hand side of any equation is equal to whatever is 
on the right-hand side. The symbols in an algebraic equation usually cannot have arbitrary values if the equality 
is to hold. To solve an equation is to find the possible values of these symbols. The solution of the equation 
5x — 10 = 20 is x = 6 because this is the only value of x for which this equation is a true statement. 

The algebraic procedures that can be used to solve an equation are all based on the principle that any 
operation performed on one side of an equation must be performed on the other side as well. Thus an equation 
remains valid when the same quantity is added to or subtracted from both sides or is used to multiply or divide 
both sides. Other operations, such as raising to a power or taking a root, also do not change an equality if the 
same thing is done to both sides. 

Two helpful rules follow from the above principle. First, any term on one side of an equation may be shifted 
to the other side by changing its sign. Thus ifa +b =c, thena = c—b; andifa—d =e, thena =e+d. 
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Second, a quantity that multiplies one side of an equation may be shifted so as to divide the other side, and vice 
versa. Thus if ab = c, then a = c/b; and if a/d = e, thena = de. 


When each side of an equation consists of a fraction, all we need to do to remove the fractions is to cross 
multiply: 


a c 
—~=-——->ad=hbe 


b ad 
What was originally the denominator (lower part) of each fraction now multiplies the numerator (upper part) of 
the other side of the equation. 
SOLVED PROBLEM 1.5 
Solve 5x — 10 = 20 for x. 


We want to have just x on the left-hand side of the equation. The first step is to shift the —10 to the right-hand 
side, where it becomes +10: 


5x — 10 = 20 
5x = 20+ 10 = 30 


Now we shift the 5 so that it divides the right-hand side: 


5x = 30 
x= a =6 
5 
The solution is x = 6. 
SOLVED PROBLEM 1.6 
Examples of cross multiplication: 
x sy a 
2 7 8 x 
7x = 2y xy = (5)(8) = 40 
3x 4y y 3x42 
5 3 5. 4 
3(3x) = 5(4y) 4y = 5(3x + 2) = 15x + 10 
9x = 20y 
SOLVED PROBLEM 1.7 
Solve the equation 
5 3 
a+2 =) 
for the value of a. 
We proceed as follows: 
Cross multiply S(a — 2) = 3(a+2) 
Multiply out both sides 5a —- 10 = 3a+6 
Shift —10 and 3a 5a — 3a = 6+ 10 
Carry out indicated addition and subtraction 2a = 16 


Divide both sides by 2 a=8 
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SOLVED PROBLEM 1.8 
Solve the equation 


16x — 2 


= 3% 
8 
for the value of x. 
Cross multiply 16x — 2 = 8(3x) = 24x 
Shift —2 and 24x 16x — 24x =2 
Combine like terms —8x =2 
Divide both sides by —8 = -5 = —0.25 
SOLVED PROBLEM 1.9 
Solve the equation 
4x — 35 
3 = 91 — x) 


for the value of x. 


Cross multiply 
Multiply the right-hand side 
Shift —35 and —27x 


4x — 35 = (3)[9(1 — x)] = 27(1 — x) 
4x — 35 = 27 — 27x 
4x + 27x = 274+ 35 


Combine like terms 31x = 62 
Ss : 62 
Divide both sides by 31 = 31 = 2 


EXPONENTS 


There is a special shorthand way of expressing a quantity that is to be multiplied by itself one or more times. In 
this scheme a superscript number, called an exponent, indicates how many times the self-multiplication is to be 
carried out, as follows: 


a=a! (a)(a) =a 


(a)(a)(a) =a? and so on 
The quantity a? is read as “a squared” because it is equal to the area of a square whose sides are a long, and a? is 
read as “a cubed” because it is equal to the volume of a cube whose edges are a long. For an exponent n greater 
than 3, we read a” as “a to the nth power” so that a? is “a to the fifth power.” The product of two powers of the 
same quantity, say a” and a’, is that quantity raised to the sum of the two exponents: (a")(a") = a"t”. Thus 
(a*)(a?) =a’. 

Reciprocal quantities are expressed according to the above scheme but with negative exponents: 


1 1 1 

-=q! —=a”’ —=a? and so on 

a a a 
In general, 1/a” = (1/a)" = a~". A quantity raised to the zeroth power, a° for instance, is always equal to 
1: a° = 1. To see why, we note that a/a = 1 can also be written a/a = (a')(a~!) = a!"! =a". 


It is not necessary that an exponent be a whole number. A fractional exponent signifies a root of a quantity. 
The “square root of a,” customarily written ./a, is that quantity which, multiplied by itself once, is equal to 
a: (,/a)(,/a) = a. Using exponents, the square root of a is written as fa = a'/*, because (a!/?)(a!/”) = 
a'/?+1/2 — q! = a, In general, the nth root of any quantity is indicated by the exponent 1/n. 
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Some rules concerning exponents and roots are the following: 


(ab)" _ a" b” (a”)” = a” (-) _ ae 
b b" 
1/m qi/m 
1/m _ 1/mpz1/m ) _ n\l/m __ n/m 
(ab)'/™ = a'/mp (- = Sm (a")/™ = @ 
SOLVED PROBLEM 1.10 
Examples of exponents: 
Pe ee ae (a2)~4 = a®@— = a8 (a3)-13 = g/9@ = g7! 
aata-4 = a-!4 =a (a~3)-2 = a9 = a goal? = gotl/2 = q}3/2 
(a-2)4 = a = a-8 (a'/2)6 = gOU/) — g3 a(a°)'/2 = g/2 — g3 

SOLVED PROBLEM 1.11 


The area A of a circle whose radius is r is given by A = mr’. Find the area of a circle whose radius is 
4.00 meters (m). 


The value of z is 3.14159.... Many calculators have a key for this quantity. The result is 
A=ar> =1(4.00 m)? = 2(4.00 m)(4.00 m) = 50.3 m’. 


The symbol “‘m”” stands for “square meters.” 
SOLVED PROBLEM 1.12 


Find the radius of a cylindrical tank whose cross-sectional area is 5.00 m7. 


We begin by solving A = zr? for r and then substitute A = 5.00 m? to find the value of r: 


A 00 m2 
pS a roe So 
Iv a 


Note that ./m? = m. 


POWERS OF 10 


Very small and very large numbers are common in science and engineering and are best expressed with the help of 
powers of 10. A number in decimal form can be written as a number between | and 10 multiplied by a power of 10: 


834 = 8.34 x 10° 0.00072 = 7.2 x 10~+ 


The powers of 10 from 10~° to 10° are as follows: 


10° =1 = | with decimal point moved 0 places 
107° =0.1 = | with decimal point moved | place to the left 
10-? = 0.01 = | with decimal point moved 2 places to the left 


10-? = 0.001 = | with decimal point moved 3 places to the left 
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10-* = 0.0001 = | with decimal point moved 4 places to the left 
10-> = 0.00001 = 1 with decimal point moved 5 places to the left 
10° = 0.000001 = 1 with decimal point moved 6 places to the left 


10° = 1 = | with decimal point moved 0 places 

10! = 10 = | with decimal point moved | place to the right 
10? = 100 = | with decimal point moved 2 places to the right 
10° = 1000 = | with decimal point moved 3 places to the right 
104 = 10,000 = 1 with decimal point moved 4 places to the right 


10° = 100,000 = 1 with decimal point moved 5 places to the right 
10° = 1,000,000 = 1 with decimal point moved 6 places to the right 


When numbers written in powers-of-10 notation are to be added or subtracted, they must all be expressed 
in terms of the same power of 10: 


3x 10°+4x 10°?=0.3 x 10°+4~x 10°? =43 x 10° 


It does not matter which power of 10 is used, as long as it is the same for all the numbers. Thus we get the same 
answer as above if we proceed instead as follows: 


3x 10°?+4x 10? =3 x 107+ 40 x 10° = 43 x 10? = 4.3 x 10° 


Since a step is saved if the power of 10 used is that of the larger number, it makes sense to do this. 

To subtract one number from another, the same procedure is followed. If the number being subtracted is the 
larger of the two, the answer will be negative in sign, just as 3 — 5 = —2. 

To multiply two powers of 10, add their exponents; to divide one power of 10 by another, subtract the 
exponent of the latter from that of the former: 


10” 
10” 10” = 10°" = 10°" 
(10")(10") a 
Reciprocals follow the pattern 
1 z 
=— 10 n 
10” 
The rules of finding powers and roots of powers of 10 are 
(i0")” = 10" WATOL = Coy = 10"/™ 


In taking the mth root, the power of 10 should be chosen to be a multiple of m. Thus 


/10!5 = (710)(710!4) = 10 x 10’ = 3.16 x 10” 


SOLVED PROBLEM 1.13 
Examples of powers-of-10 notation: 
= 2% 102% 10° 
3043 = 3.043 x 1000 = 3.043 x 10° 
8, 700,000 = 8.7 x 1,000,000 = 8.7 x 10° 
0.22=22x%01=22 %10~ 
0.000035 = 3.5 x 0.00001 = 3.5 x 1075 
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SOLVED PROBLEM 1.14 


Examples of addition and subtraction. Note that 10~? is larger than 10~? and that 107 is larger than 107>. 
6 x 107+ 5 x 10 = 0.06 x 104 +5 x 104 = 5.06 x 104 
2x 10-7 +3 x 10°97 =2 x 10-7 +0.3 x 10°? = 2.3 x 10°? 
7+2x 10-7? =7+ 0.02 = 7.02 
6 x 10*— 4 x 10? = 6 x 10* — 0.04 x 10* = 5.96 x 10* 
3x 10?-5x 103 =3x 10-7? —0.5 x 10°* =2.5 x 10°? 
7x 107° —2 x 10°* = 0.7 x 10°* —2 x 10-4 = -1.3 x 107+ 


6.23 x 10-37 — 6.28 x 10°? = —0.05 x 10°? = —5 x 10> 


SOLVED PROBLEM 1.15 


Examples of multiplication and division: 


104 
(10°)(10-*) = 10°? = 10° Tos = 10 = 10? = 107 
103 10°)(10~7 
TS 10°-° = 10-7 oe = 10-77? = 1074 


SOLVED PROBLEM 1.16 
A sample calculation: 


(460) (0.00003)(100,000) (4.6 x 10°77 10-16) _ (= x >) (<= x 10>" x -) 


(9000) (0.0062) ~ 9x 103)(6.2 x 10-3) \9 x 6.2 103 x 10-3 


102-5+5 10 
= (0.25) (=) = (0.25) (=) = 25 


i) 


SOLVED PROBLEM 1.17 


Examples of powers of numbers: 
(107)* = 10? = 108 
ClO: = 10k} 10" 
0 S10 10" 
(3 x 10°)? = 3? x (10°)? = 9 x 10° 


(4x 10°) = 4 x (10)? = 64x 10° = 64x 1074 


1 ; 1 
(2x 107°) 4+ = x (10-?)-* = 7 10° = 0.0625 x 10° = 6.25 x 10° 
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SOLVED PROBLEM 1.18 


Examples of square roots involving even exponents: 
10° = 10°? = 107 
10-4 = 10? = 10? 
V5 x 104 = V5 x V104 = 2.24 x 10? 
V1.3 x 10-8 = V1.3 x V10-8 = 1.14 x 1074 
V9 x 10-2 = V9 x V10-2 =3 x 107! = 0.3 


SOLVED PROBLEM 1.19 
Examples of square roots involving odd exponents: 
V105 = V1 x 105 = 10 x 104 = V10 x V'104 = 3.16 x 10° 
/10-3 = 4/1 x 10-3 = 10 x 10-* = 10 x 10-4 = 3.16 x 10 
V3 x 105 = 30 x 104 = V30 x V/104 = 5.48 x 10? 
V6 x 10-7 = V60 x 10-8 = V60 x V10-8 = 7.75 x 107+ 
0.000025 = V2.5 x 10-5 = V25 x 10-6 = /25 x V10-6 = 5 x 107 


SOLVED PROBLEM 1.20 


Examples of cube roots: 
10° = 10? = 10° 
V108 = V'102 x 10° = 100 x V/10° = 4.64 x 10? 
V3.8 x 10!9 = V/38 x 10!8 = 38 x V/10!8 = 3.36 x 10° 
V2.7 x 10-3 = 727 x 10-6 = 0/27 x 10-5 = 3 x 10 


UNITS 


[CHAP. 1 


Units are algebraic quantities and may be multiplied and divided by one another. To convert a quantity expressed 
in a certain unit to its equivalent in a different unit of the same kind, we use the fact that multiplying or dividing 
anything by | does not affect its value. For instance, 12 in. = 1 ft, so 12 in./ft = 1, and we can convert a length 


expressed in feet to its value in inches by multiplying it by 12 in./ft: 
in. . 
4f=4f) (2 =) = 48 in. 


Conversion factors for the most common British and SI (metric) units are given in Appendix B. 


Subdivisions and multiples of metric units are designated by prefixes that indicate an appropriate power 


of 10. Standard prefixes are shown in Table 1.1. 
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Table 1-1 


Abbreviation Pronunciation Example 


PEE - koh 1 pf = 1 picofarad = 10~? farad 


NAN - oh 1 ns = | nanosecond = 10~° second 


MY - crow 1 uA = 1 microampere = 10° ampere 
MILL - ee 1 mH = 1 millihenry = 1077 henry 


SEN - tee 1 cm = 1 centimeter = 10~? meter 

HEK - toe 1 hL = 1 hectoliter = 10? liters 

KILL - oh 1 kg = 1 kilogram = 10° grams 

MEG - ah 1 MW = | megawatt = 10° watts 

GEE - gah 1 GeV = 1 gigaelectronvolt = 10° electronvolts 
TER - ah 1 TJ = 1 terajoule = 10!” joules 


HAaZrF Foe; eB 


SOLVED PROBLEM 1.21 
Rome is 1440 km by road from Paris. How far is this in miles? 


Since | km = 0.621 mi, 


mi . 
1440 km = (1440 kyft) (0.021 =) = 894 mi 


by 


SOLVED PROBLEM 1.22 
A man is 6 ft 2 in. tall. How many centimeters is this? 


Since | ft = 12 in. and | in. = 2.54 cm, 


6 ft 2 in. = [(6)(12) + 2] in. = (74 ja.) (2.54 =) = 188 cm 


SOLVED PROBLEM 1.23 
How many square feet are there in 1 m*? 


Since | m = 3.28 ft, 


1m’ = (1 m’) (3 28 | 7 (192)(10 76 “) = 10.76 ft’ 
= 28—) = ee 


SOLVED PROBLEM 1.24 
Express a velocity of 60 mi/h in feet per second. 


There are 5280 ft in 1 mi and 3600 s in | h, so 


mi wi ft 1 ft 
60 ik (so *) (s80 ~) laa =) = 88 7 


SOLVED PROBLEM 1.25 


The unit of electric charge, symbol Q, is the coulomb (abbreviated C); the unit of voltage, symbol V, is 
the volt (V); and the unit of capacitance, symbol C, is the farad (F). When the voltage across a capacitor 
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of capacitance C is V, the charge on the capacitor is Q = CV. Find the charge on a 200-pF capacitor 
when it is connected to a 3-kV source. 


Here C = 200 pF = 200 picofarads = 200 x 107? F= 2 x 107!° Fand V = 3kV = 3 kilovolts = 3 x 10° V. 
Hence 


Q=CV=(2x 10 F)\(3 x 10° V) = 6x 10°7C 


The answer can be expressed as Q = 0.6 UC = 0.6 microcoulomb since 1 uC = 10~° C. 


SIGNIFICANT FIGURES 


An advantage of powers-of-10 notation is that it provides us with a clear way to express the accuracy with which 
a quantity is known. For instance, the speed of light c in empty space is often given as 2.998 x 10° m/s. If this 
value were written out as 299,800,000 m/s, we might think that this speed is precisely equal to this many meters 
per second, right down to the last zero. Actually, the speed of light is 299,792,458 m/s. If we do not need this 
much detail, we write c = 2.998 x 108 m/s to indicate both how large the number is (the 108 tells us this) and 
how precise the quoted figure is (the 2.998 tells us that c is closer to 2.998 x 10° m/s than it is to either 2.997 or 
2.999 x 108 m/s). 
Thus, giving the speed of light as 


c = 2.998 x 108 m/s 
means that 
c = (2.998 + 0.0005) x 10° m/s 


The accurately known digits, plus one uncertain digit, are called significant figures. Here c has four significant 
figures; 2, 9, 9, and 8. The first three digits are accurately known, whereas the last (the 8) is uncertain; it could 
bea7ora9. 

To be sure, sometimes one or more final zeros in a number are meaningful in their own right. In the case of 
the speed of light, we can legitimately say that, to three-digit accuracy, 


c = 3.00 x 10° m/s 


because c is closer to this figure than to either 2.99 or 3.01 x 10° m/s. 

When two or more quantities are combined arithmetically, the result is no more accurate than the quantity 
with the largest uncertainty. For instance, a 72 kg person might pick up a 0.33-kg apple. The total mass of person 
+ apple is still considered to be 72 kg because we have only two significant figures. All we know of the person’s 
mass is that it is somewhere between 71.5 and 72.5 kg, which means an uncertainty of more than the apple’s 
mass. If the person’s mass is given instead as 72.0 kg, the mass of person + apple is 72.3 kg; if it is given as 
72.00 kg, the mass of person + apple is 72.33 kg. Thus 


72 kg + 0.33 kg = 72 kg (2 significant figures) 
72.0 kg + 0.33 kg = 72.3 kg (3 significant figures) 
72.00 kg + 0.33 kg = 72.33 kg (4 significant figures) 
Significant figures must be taken into account in other arithmetical operations also. If we divide 7.9 by 3.24, 
we are not justified in writing 


a 2.43827 
3.24007" — 
The 7.9 has only two significant figures, and the answer cannot have more than this. Hence the correct answer 


is 7.9/3.24 = 2.4. 
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When a calculation has several steps, it is a good idea to keep an extra digit in the intermediate steps and 
wait until the end to round off the final result to the correct number of significant figures. As an example, 


Te 18 94445.14=758=7.6 
3.24 035 ve 


If the intermediate results had been rounded off to two digits, however, the result would have been the following, 
which is incorrect: 


Lae ee eee (i t) 
3.24 0.35 = l=]. incorrec 


For simplicity in the text and clarity in the illustrations, in this book zeros after the decimal point have usually 
been omitted from values given in the problems. It should be assumed that, for example, when a resistance of 
5 Q is quoted, what is really meant is 5.00 Q. 


Multiple-Choice Questions 


1.1. In which of the following equations is x not equal to 2? 
(a) x7 ++4x = 12 (c) 6x? +25 = 7(5 — x?) 
(b) V2x3 + 5x = 14 (d) (x? +6)? = 50x 
1.2. The value of (5.0 x 10~*)(6.0 x 10~*)/(1.5 x 10°) is 
(a) 2.0 x 107! (c) 2.0 x 107! 
(b) 9.5 x 107! (d) 2.0 x 10-4 
1.3. The value of 1/(2.0 x 10~°)? is 
(a) 2.5 x 10° (c) 5.0 x 10! 
(b) 2.5 x 10!! (d) 2.5 x 102 
1.4. The prefix kilo- represents 
(a) 10 (c) 1000 
(b) 100 (d) 1,000,000 
1.5. A millimeter is 
(a) 0.001 m (c) 0.1m 
(b) 0.01 m (dq) 10m 
1.6. The longest of the following is 
(a) 1mm (c) 0.01 in. 
(b) 0.00001 km (d) 0.001 ft 
1.7. The shortest of the following is 
(a) 10* in. (c) 10° ft 
(b) 10'm = (d)_ ‘0.1 mi 
1.8. A person is 180 cm tall. This is equivalent to approximately 


(a) 4ft6in. (c) 5ft1lin. 
(b) S5ft9in. (da) 7ft1in. 
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1.9. 


1.10. 


1.1. 


1.2. 


1.3. 
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A square foot contains approximately 
(a) 144 cm? (c) 929 cm? 

(b) 366 cm? (d) 1000 cm? 

A week contains approximately 


(a) 1.0x 10*s (c) 6.05 x 10° s 
(b) 6.05 x 10*s (d) 2.6x 10°s 


Supplementary Problems 


Remove the parentheses from the following, and combine like terms: 


(a) a+(b+c-—d) (f) b—3(b+3) 
(b) a—(b+e-—d) (g) 2a—3b-—4(a— 2b) 


(c) a+2(b—-4) (h) 3(a+b) —3(a+ 2b) 
(d) a—2(b—4) () 2(at+b) —3(a—b) +4(a + 2b —c) 
(e) b+3(b+3) Gi) S5(a+b+c)—S(a—b—c) 


Evaluate the following: 


—4 


3 
(a) oe when x=5 and y=-2 
1 1 
(db) - when x=3 and y=2 
xy Ley 
4xy 
(c) +5 when x=1 and y=-—2 
yt+3x : 
(d) ae ae = when x=-2, y=2, and z 
2z xy 
(e) oe when x=2, y=8, and z=10 
y 2 
3(x +7) 
h =3 d =-6 
(f) ew) when x and y 
5(3 —x) 
—— when x=-—5 and =7 
® 304) y 
2 2 - 
Ce a a ee a a ee 
2z x-y 
2 
Gi) — whenx =2, y=8, and z=10 
y 


Solve each of the following equations for x: 


(a) eS a3 (d) 2x*—32=0 
3 (e) 3x* = 6x 

(b) 26 te () «43)@-y=24x? 
? (g) yv2x = 12 


(c) x3°+27=0 


xX+ 

() z= 

x—y 

. x 4 
@ ==- 
y z 
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1.4. 


1.5. 


1.6. 


1.7. 


1.8. 
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y_* 2 y_é 
3 OY 544348 we 
Se 8 1 8 
xt+t1l  2x—1 a qQ we= 
” x 4-—x x 

= oi Weg. @ 225 
x- xt+ = ch haat 
) 177 x x8 


Evaluate the following: 


(a) aa (g) ava~ (0) a (v) (ab)3(a*b)~? 
(b) ata~? a> @ 3 
a ot (tell 
(c) a¥a-*# () a +a’ (P) ie a ( b ) 
. 2 2 
a (i) a-—a A1/2 a3 
Ce ; 2 5 @ @) 2pty/2 bo 
a? (Gj) a+a © @-!2 Q @oy' | a 
a (k) alq'/2 atte 
—_ (s) @*)" 3a\? (b?\° 
aé QO al?alal? (vy) 2a(— = 
5-2 173 @ @+a? : b i 
aa m) aa’ 
(f) 1 - ( ) 7 i (u) a‘ (ab)~? @ 1/4 
ae () (aby (G) 
bs 
Express the following numbers in powers-of-10 notation: 
(a) 720 (d) 0.000062 (g) 49,527 (j) 49,000,000,000 
(b) 890,000 (e) 3.6 (h) 0.002943 (k) 0.000000011 
(c) 0.02 (f) 0.4 (i) 0.0014 (1) 1.4763 
Express the following numbers in decimal notation: 
(a) 3x10 (f) 3.2 x 107? 
(b) 7.5 x 10° (g) 4.32145 x 103 
(c) 8.126x 107°  (h) 6x 10° 
(d) 1.01 x 108 (i) 5.7 x 10° 
(e) 5x 10? G) 69x 10> 
Perform the following additions and subtractions: 
(a) 3x 10?+4~x 10° (i) 3.2x10-*-5x 10> 
(b) 2x 10*+5 x 10° (i) 7x 10*—2x 10° 
(c) 7x 10-7+2x 10% (k) 4.6 x 10° — 3.2 x 107 
(d) 4x 10°+5~x 10% () 3x 10° — 2.98 x 10° 
(e) 2x10!+2.x 107! (m) 4.76 x 10-3 — 4.81 x 1077 
(f) 6.32 10?+5 (n) 7x 10°+5 x 10?—-9 x 10? 
(g) 4x 103-3 x 10° (0) 3x104*+6x 10°-—7x 10-3 


(h) 5x 107—9x 104 


Perform the following multiplications and divisions, using powers-of-10 notation: 


(a) (5000)(0.005) (c) (500,000) (18,000) 
5000 9,000,000 
(@) 0.005 (d) (30) (80,000,000,000) 


0.0004 
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1.9. 


1.10. 


1.11. 


1.12. 


1.13. 


1.14. 


1.15. 


1.16. 


1.1. 


1.2. 


1.3. 


1.4. 


1.5. 
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ce, (30,000)(0.0000006) cin _ (0:002)(0.0000000) 
(1000) (0.02) 0.000004 
0.0001 — (400)(0.00006) 
) 60,000)(200) © ~@.2)@0,000) 
(200) (0.00004) _ (0.06)(0.0001) 

(8) 490,000 ‘) 7.00003) 40,000) 


Evaluate the following and express the results in powers-of-10 notation: 
(a) (4x 10°) (e) (x 10-8)? 

(b) (2x 10’) i Gxi0y 

(c) (2x10? (g) (3 x 10-*)? 

(d) (2x 10°) 


Evaluate the following and express the results in powers-of-10 notation. Note that V4 = 2, /40 = 63,74 = 
1.6, 40 = 3.4, and 1/400 = 7.4. 


(a) V4~x 106 (f) V4~x 102 (kK) 4x 10-7 
(b) V4~x 107 (g) V4x 10% () W4x 10-8 
(c) V4~x 108 (hy) W4x 104 (m) »/4 x 10-9 
(d) V4x10* () V4x 105 
(e) V4x105 (j) W4x 10% 


The earth is an average of 9.3 x 10’ mi from the sun. How far is this in kilometers? In meters? 

How many cubic feet are there in a cubic meter? 

The speed limit in many European towns is 60 km/h. How many miles per hour is this? 

The speed of light is 3.00 x 10° m/s. What is this speed in feet per second? In miles per second? In miles per hour? 


A nautical mile is 6076 ft, and 1 knot (kn) is a unit of speed equal to | nautical mile/h. How fast is an 8-kn boat going 
in miles per hour? In feet per second? 


Use the proper number of significant figures to express the results of the following calculations: 
(a) 93.2+ 8.56 — 12 3.24 x 10° 

(b) (18.5)(2.32)/0.4163 5.11 x 10-2 
(c) (4.6 x 10°)(8.75 x 10°) = (e)- V4 


+2.58 x 10° 


Answers to Multiple-Choice Questions 


(b) 1.6. (b) 
() 17 @ 
(bt) 18. (oc) 
() 19% (© 


(a) 1.10. (c) 
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1.1. 


1.2. 


1.3. 


1.4. 


1.5. 


1.6. 


1.7. 


1.8. 


1.9. 


(a) 
(b) 
(c) 
(d) 


(a) 
(b) 


(a) 
(b) 
(c) 
(d) 
(e) 
f) 


(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 


(a) 
(b) 
(c) 


(a) 
(b) 
(c) 


(a) 
(b) 
(c) 
(d) 


(a) 
(b) 
(c) 


(a) 
(b) 


(a) 
(b) 
(c) 


atb+c-—d_ (e) 4b4+9 (i) 3a+13b—4e 
a—b-—ct+d  (f) -—2b-9 (j) 10b + 10c 
a+2b—8 (g) —2a+5b 

a—2b+8 (h) —3b 

45  (c) -3 (e) -65 (g) 10 (i) 10 

08 (dd —-l (f) -75 (A) 0 

2 (g) 72/y2 (m) 0 

8 (hk) -y+z)/A—-z) @ 32/9 
=3 (i) 4y/z (0) 3 

2 G) V5y (Pp) y/z 
2 (k) 2 (q) 2 
(2 +3y)/B-y) @ 4 (r) 3 
a’ (h) 2a? (0) al? (v) b/a 

a @) 0 (p) adi? (w) 7a°/b 

1 Qj) a+a (q) a (x) (b/a)s 

at (k) a (r) a” (y) 18+ 

a* () a? (s) a4 (z) a’?b 
a> (m) at (tt) at+ai? 

a® (n) all? (u) a*/b? 

72x10? (d) 62x10 (g) 4.9527x 10*  (/) 
8.9x 10° (e) 3.6x 10° (h) 2.943 x10 (k) 
2x 107? (f) 4x 107! (i) 14x 107% (D 
0.0003 (d) 101,000,000 (g) 4321.45 (j) 
7500 (e) 500 (h) 6,000,000 
0.00008126  (f) 0.032 (i) 5.7 

4.3 x 10° (e) 2.02 x 10! (i) 2.7 x 1074 

5.02 x 10° (f) 6.37 x 10? (Gj) —1.3 x 10° 

7.2 x 10-? (g) 3.7 x 103 (kK) —3.154 x 107 
5.04x 103 (h) 4991x107 () 2x 103 
25x10! (d) 6x 10! (g) 2x 10-8 (j/) 
10° (e) 9x 1074 (h) 2.5 x 1075 

10° (f) 8.3x10°% (i) 6x 10° 

64x 10% (ce) 25x10 (e) 9x 10% = (g) 
4x 10!4 (d) 3.2x 10° (f) 4x 10-74 

2x 10° (d) 2x 10° (g) 3.4x10* = (j) 
63x10? (ce) 63x10 (h) 74x10* (kK 
2x 104 (f) 1.6 x 104 (@) 16x10 (Wd 
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Answers to Supplementary Problems 


4.9 x 10!° 
1.1 x 10-8 
1.4763 x 10° 


0.000069 


(m) —5 x 10> 
(n) 6.6 x 10° 
(0) —6.64 x 1073 


5x 107° 


3.7 x 10'° 


1.6 x 1077 
74x 10-3 
3.4 x 103 


(m) 


1.6 x 10-3 


15 


16 


1.11. 


1.12. 


1.13. 


1.14. 


1.15. 


1.16. 
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1.5 x 108 km; 1.5 x 10!! m 

S35 

37 mi/h 

9.84 x 108 ft/s; 1.86 x 10° mi/s; 6.72 x 108 mi/h 
9.2 mi/h; 13.5 ft/s 


(a) 90 (b) 103 (c) 40x10? = (d)_ 6.37 x 104 


(e) 6.6 
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Vectors 


SCALAR AND VECTOR QUANTITIES 


A scalar quantity has only magnitude and is completely specified by a number and a unit. Examples are mass 
(a stone has a mass of 2 kg), volume (a bottle has a volume of 1.5 liters), and frequency (house current has a 
frequency of 60 Hz). Symbols of scalar quantities are printed in italic type (m = mass, V = volume). Scalar 
quantities of the same kind are added by using ordinary arithmetic. 

A vector quantity has both magnitude and direction. Examples are displacement (an airplane has flown 
200 km to the southwest) and velocity (a car is moving at 60 km/h to the north). Another familiar vector 
quantity is force. A force is often spoken of as a push or a pull. There is more to the idea of force than this (see 
Chapter 5), but it is enough for the exercises in this chapter. Forces give rise to all changes in motion: a force is 
needed to start a stationary object moving, to change its direction of motion, and to stop it. We must know the 
direction of a force as well as its magnitude to determine what its effects will be. The weight of an object is the 
gravitational force that pulls it down toward the earth. The SI unit of force is the newton (N), which is equivalent to 
0.225 Ib. 

Symbols of vector quantities are printed in boldface type (v = velocity, F = force) and expressed in hand- 
writing by arrows over the letters (v, F’). The magnitude of a vector quantity is printed in italic type (F is the 
magnitude of the force F). When vector quantities are added, their directions must be taken into account. 


VECTOR ADDITION: GRAPHICAL METHOD 


A vector is an arrowed line whose length is proportional to a certain vector quantity and whose direction indicates 
the direction of the quantity. 

To add vector B to vector A, draw B so that its tail is at the head of A. The vector sum A + B is the vector 
R that joins the tail of A and the head of B (Fig. 2-1). Usually R is called the resultant of A and B. 

The order in which A and B are added is not significant, so that A + B = B + A (Figs. 2-1 and 2-2). 

Exactly the same procedure is followed when more than two vectors of the same kind are to be added. The 
vectors are strung together head to tail (being careful to preserve their correct lengths and directions), and the 
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hfe 


Fig. 2-2 


Fig. 2-3 


resultant R is the vector drawn from the tail of the first vector to the head of the last. The order in which the 
vectors are added does not matter (Fig. 2-3). 


SOLVED PROBLEM 2.1 


A woman walks eastward for 5 km and then northward for 10 km. How far is she from her starting point? 
If she had walked directly to her destination, in what direction would she have headed? 


From Fig. 2-4, the length of the resultant vector R corresponds to a distance of 11.2 km, and a protractor shows 
that its direction is 27° east of north. 


Finish 


279 
Start 


Fig. 2-4 


SOLVED PROBLEM 2.2 


Two tugboats are towing a ship. Each exerts a force of 6 tons, and the angle between the towropes is 60°. 
What is the resultant force on the ship? 


To add the force vectors A and B, vector B is shifted parallel to itself so that its tail is at the head of A. The 
length of the resultant R corresponds to a force of 10.4 tons. (See Fig. 2-5.) 


SOLVED PROBLEM 2.3 


A boat moving at 5 km/h is to cross a river in which the current is flowing at 3 km/h. In what direction 
should the boat head to reach a point on the other bank of the river directly opposite its starting point? 
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The procedure here is to first draw the vector that represents V,iye, the velocity of the current. Then the vector 
Vboat 18 drawn from the head of V,ive, so that its head is directly opposite the tail of V,iver (Fig. 2-6). A protractor shows 
the angle between Vyiver ANd Vpoat to be 53°. 


L 1 J 
0 2 4 6 8 10 tons 


e Vboat 

| o 1 2 3 4 5 km/hr 
539 
Vriver 


Fig. 2-6 


SOLVED PROBLEM 2.4 


In going from one city to another, a car whose driver tends to get lost goes 30 km north, 50 km west, and 
20 km southeast. Approximately how far apart are the cities? 


The vectors representing the displacements are strung together head to tail, and their resultant is found to be 
39 km (Fig. 2-7). 


N 
50 km 
20 km WwW E 
j30km 

1 s 

= j Ss es a ee 
o 10 20 30 40 km 
Fig. 2-7 


TRIGONOMETRY 


Although it is possible to determine the magnitude and direction of the resultant of two or more vectors of 
the same kind graphically with ruler and protractor, this procedure is not very exact. For accurate results it is 
necessary to use trigonometry. 

A right triangle is a triangle with two sides that are perpendicular. The hypotenuse of a right triangle is 
the side opposite the right angle, as in Fig. 2-8; the hypotenuse is always the longest side. The three basic 
trigonometric functions—the sine, cosine, and tangent of an angle—are defined in terms of the right triangle of 
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Fig. 2-8 as follows: 


opposite side 


sin? = = 

c hypotenuse 

b adjacent side 
cos@ = —- = 

c hypotenuse 

a opposite side _— sind 
tang = —- = — —_ = 

b adjacent side  cos0 


sing= 2 
c 
cos 6 = 
Cc 

tan @= rE Opposite side =a 
av+hP=c? 


Right angle (= 90°) 


Adjacent side =6 


Fig. 2-8 


The inverse of a trigonometric function is the angle whose function is given. Thus the inverse of sin @ is the 
angle 6. The names and abbreviations of the inverse tirgonometric functions are as follows: 
sind = x 


6 = arcsinx = sin"! x = angle whose sine is x 


cosd = y 
6 = arccos y = cos! y = angle whose cosine is y 
tand = z 


6 = arctanz = tan”! z = angle whose tangent is z 


Remember that in trigonometry an expressions such as sin~! x does not signify 1/(sin x), even though in algebra 
the exponent —1 signifies a reciprocal. 


PYTHAGOREAN THEOREM 


The Pythagorean theorem states that the sum of the squares of the short sides of a right triangle is equal to the 
square of its hypotenuse. For the triangle of Fig. 2-8, 


C+hP=c 


Hence we can always express the length of any of the sides of a right triangle in terms of the lengths of the other 
sides: 


a=Vc—b? b=Vc2-a? c=Vae+b? 


Another useful relationship is that the sum of the interior angles of any triangle is 180°. Since one of the 
angles in a right triangle is 90°, the sum of the other two must be 90°. Thus in Fig. 2-8, 6 + @ = 90°. 

Of the six quantities that characterize a triangle—three sides and three angles—we must know the values of 
at least three, including one of the sides, in order to calculate the others. In a right triangle, one of the angles is 
always 90°, so all we need are the lengths of any two sides or the length of one side plus the value of one of the 
other angles to find the other sides and angles. 
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SOLVED PROBLEM 2.5 


Find the values of the sine, cosine, and tangent of angle @ in Fig. 2-9. 


opposite side 3cm 


in? = = = 0.6 
a hypotenuse 5cm 
adjacent side 4cm 
cos 6 = = = 0.8 
hypotenuse 5cm 
ite sid 3 
tang — Opposite side _ 3cm _ 0.75 


adjacent side  4cm 


5 cm 
3 cm 
Z\ 2 
4cm 
Fig. 2-9 


SOLVED PROBLEM 2.6 
In the triangle of Fig. 2-8, c = 80 cm and 6 = 30°. Find the values of a, b, and ¢. 


We start with the length of the side a: 

. a 
sin? = — 
c 

a =csin@ = (80 cm)(sin 30°) = 40 cm 

To find b, we can proceed in two ways. In the first way we note that 

b 
cos@ = — 
c 

b = ccos@ = (80 cm)(cos 30°) = 69 cm 


The other way is to use the Pythagorean theorem: 


b = Vc? — a? = (80 cm)? — (40 cm)? = 69 cm 


SOLVED PROBLEM 2.7 
In the triangle of Fig. 2-8, a = 70 m and b = 100 m. Find the values of c, 6, and @. 


To find c, we use the Pythagorean theorem: 


c= Va? +b? = /(70 m)? + (100 m)? = 122m 


To find 6, we proceed in the following way: 


6 = tan! 0.70 = 35° 
Since 0 = 35°, 
@ = 90° — 6 = 90° — 35° = 55° 
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SOLVED PROBLEM 2.8 
In the triangle of Fig. 2-8, a = 30 mm and c = 90 mm. Find the values of b, 0, and @. 


b= Vc? —a@2 = (90 mm)? — (30 mm)? = 85 mm 


6 = sin! 0.33 = 19° 


~ = 90° — 6 = 90° — 19° = 71° 


VECTOR ADDITION: TRIGONOMETRIC METHOD 


It is easy to apply trigonometry to find the resultant R of two vectors A and B that are perpendicular to each 
other. The magnitude of the resultant is given by the Pythagorean theorem as 


R=¥A?+ B? 
and the angle 0 between R and A (Fig. 2-10) may be found from 
B 
tan@d = — 
A 


by examining a table of tangents or by using a calculator to determine tan~! B/A. 


Fig. 2-10 


SOLVED PROBLEM 2.9 
Use trigonometry to solve Prob. 2.1. 


From the vector diagram of Fig. 2-11 we see that A and B are the sides of a right triangle and R is its hypotenuse. 
According to the Pythagorean theorem, the magnitudes A, B, and R are related by R* = A?+ B?. Hence the magnitude 
R is equal to 


R= JA? + B2 = /(5 km)? + (10 km)? = V25 km? + 100 km? 
= V¥125 km? = 11.2km 


To find the direction of R, we note that 


B 10km 
tang = — = — =2 

A 5 km 

With a calculator, we find that the angle whose tangent is closest to 2 is @ = 63°. To express the direction of R in 
terms of north, we see from Fig. 2-11 that the angle ¢ between north and R, plus the angle 6 between R and east, is 
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equal to 90°. Since @ = 6 = 90°, 
bd = 90° — 6 = 90° — 63° = 27° 


The resultant R has a magnitude of 11.2 km, and its direction is 27° east of north. 


RESOLVING A VECTOR 


Just as two or more vectors can be added to yield a single resultant vector, so it is possible to break up a single 
vector into two or more other vectors. If vectors A and B are together equivalent to vector C, then vector C is 
equivalent to the two vectors A and B (Fig. 2-12). When a vector is replaced by two or more others, the process 
is called resolving the vector, and the new vectors are known as the components of the initial vector. 


_—_ ee C 
= Sena + 
C A B 
Fig. 2-12 


The components into which a vector is resolved are nearly always chosen to be perpendicular to one another. 
Figure 2-13 shows a wagon being pulled by a man with force F. Because the wagon moves horizontally, the 
entire force is not effective in influencing its motion. The force F may be resolved into two component vectors 
F, and F,, where 


F, = horizontal component of F 

F,, = vertical component of F 
The magnitudes of these components are 

FF. = F cos F, = F sin@ 


Evidently the component F,, is responsible for the wagon’s motion, and if we were interested in working out the 
details of this motion, we would need to consider only F,.. 

In Fig. 2-13 the force F lies in a vertical plane, and the two components F,, and F, are enough to describe it. 
In general, however, three mutually perpendicular components are required to completely describe the magnitude 
and direction of a vector quantity. It is customary to label the directions of these components the x, y, and z axes, 
as in Fig. 2-14. The components of some vector A in these directions are accordingly denoted A,, Ay, and A,. Ifa 
component falls on the negative part of an axis, its magnitude is considered negative. Thus if A, were downward 
in Fig. 2-14 instead of upward and its length were equivalent to, say, 12 N, we would write A, = —12 N. 
[The newton (N) is the SI unit of force; it is equal to 0.225 Ib.] 
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oo .  @) 


Fig. 2-13 


SOLVED PROBLEM 2.10 


The man in Fig. 2-13 exerts a force of 100 N on the wagon at an angle of 6 = 30° above the horizontal. 
Find the horizontal and vertical components of this force. 


The magnitudes of F, and F, are, respectively, 
F., = F cos@ = (100 N)(cos 30°) = 86.6 N 
Fy, = F sin@ = (100 N)(sin30°) = 50.0 N 


We note that F, + F, = 136.6 N although F itself has the magnitude F = 100 N. What is wrong? The answer is 
that nothing is wrong. Because F, and Fj are just the magnitudes of the vectors F, and F,, it is meaningless to add 
them. However, we can certainly add the vectors F, and F, to find the magnitude of their resultant F. Because F, 
and F,, are perpendicular, 


F =,/F2 + F2 = (86.6 N)’ + (50.0 N)? = 100N 


as we expect. 


SOLVED PROBLEM 2.11 


A woman in a car on a level road sees an airplane traveling in the same direction that is climbing at an 
angle of 30° above the horizontal. By driving at 110 km/h she is able to stay directly below the airplane. 
Find the airplane’s velocity. 


The car’s velocity is equal to the horizontal component v, of the airplane’s velocity v, as in Fig. 2-15. Since 
Vy =vcosé 


the airplane’s velocity v is 


Vy 110 km/h 
p= = —— = 127 km/h 
cos é cos 30° 
v 
8 
Vx 


Fig. 2-15 
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SOLVED PROBLEM 2.12 


A car weighing 12.0 KN is on a hill that makes an angle of 20° with the horizontal. Find the components 
of the car’s weight parallel and perpendicular to the road. 


The weight w of an object is the gravitational force with which the earth attracts it, and this force always acts 
vertically downward (Fig. 2-16). Because w is vertical and F2 is the component perpendicular to the road, the angle 
@ between w and F, is the same as the angle 0 between the road and the horizontal. Hence the components of w 
parallel and perpendicular to the road are 


F, = wsiné = (12.0 kN)(sin 20°) = 4.1 kN 
Fy = wcos@ = (12.0 kN) (cos 20°) = 11.3 kN 


VECTOR ADDITION: COMPONENT METHOD 


When vectors to be added are not perpendicular, the method of addition by components described below can be 
used. There do exist trigonometric procedures for dealing with oblique triangles (the law of sines and the law of 
cosines), but these are not necessary since the component method is entirely general in its application. 

To add two or more vectors A, B, C, ... by the component method, follow this procedure: 


Resolve the initial vectors into components in the x, y, and z directions. 


2. Add the components in the x direction to give R,, add the components in the y direction to give R,, and 
add the components in the z direction to give R,. That is, the magnitudes of R,, R,, and R, are given 
by, respectively, 


Ry = Ay t+ By + Cy t+: 
| ow ae Lk On 
| ea. We; meer eae Sree 


3. Calculate the magnitude of the resultant R from its components R,, R,, and R, by using the Pythagorean 


theorem: 
R= | RE RS Re 


If the vectors being added all lie in the same plane, only two components need to be considered. 


SOLVED PROBLEM 2.13 


Use the component method of vector addition to solve Prob. 2.2. 
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The angle between the force each tugboat exerts on the ship and the direction of the ship’s motion is 30°. Hence, 
each force has a component in the direction of the ship’s motion of 


F,, = F cos@ = (6 tons)(cos 30°) = 5.2 tons 
Since there are two tugboats, the resultant force on the ship is 


R = 2F, = (2)(5.2 tons) = 10.4 tons 


SOLVED PROBLEM 2.14 


A boat is headed north at a velocity of 8.0 km/h. A strong wind is blowing whose pressure on the boat’s 
superstructure causes it to move sideways to the west at a velocity of 2.0 km/h. There is also a tidal current 
present that flows in a direction 30° south of east at a velocity of 5.0 km/h. What is the boat’s velocity 
relative to the earth’s surface? 


The first step is to establish a suitable set of coordinate axes, such as shown in Fig. 2-17(a). Next we draw the 
three velocity vectors A, B, and C and calculate the magnitudes of their x and y components. We find these values: 


Ay = 8.0 km/h 


C, =4.3 km/h 


B= 
—2.0 km/h C, = -2.5 km/h 


(a) (6) 


R, = 2.3 km/h 
(c) (4) 
Fig. 2-17 
x components y components 

A, =0 Ay = 8.0 km/h 
B, = —2.0 km/h B,=0 
C, = C cos 30° Cy = —C sin 30° 

= (5.0 km/h)(0.866) = —(5.0 km/h) (0.500) 

= 4.3 km/h = —2.5 km/h 


These components are shown in Fig. 2-17(b). 
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2.1. 


2.2. 


2.3. 


2.4. 


2.5. 


2.6. 


2.7. 


Now we add the values of the x components to get R, and add the values of the y components to get R): 


R, = A, + By + C, = 0— 2.0 km/h + 4.3 km/h = 2.3 km/h 
Ry = Ay + By + Cy = 8.0 km/h + 0 — 2.5 km/h = 5.5 km/h 


The magnitude of the resultant R is therefore 


R= \/R2+ R2 = /(2.3 km/h)? + (5.5 km/h)? = V35.54 km/h = 6.0 km/h 


The boat’s velocity relative to the earth’s surface is 6.0 km/h. 
The direction in which the boat is moving relative to the earth’s surface can be given in terms of the angle 0 
between R and the + axis, which is north. Since 


R, _ 2.3km/h 


—* — = = 0.418 6 = 23° 
R, 5.5 km/h 


tand = 


the boat’s direction of motion is actually 23° to the east of north even though it is headed north [Fig. 2-17(d)]. 


Multiple-Choice Questions 


A box suspended by a rope is pulled to one side by a horizontal force. The tension in the rope 


(a) is less than before 

(b) is unchanged 

(c) is greater than before 

(d) may be any of the above, depending on how strong the force is 


The minimum number of unequal forces whose vector sum can equal zero is 

(a) 2 (©) 4 

(b) 3 (d) 6 

When two vectors are added together, their resultant is a minimum when the angle between them is 

(a) 0 (c) 90° 

(b) 45° (d) 180° 

Of the following pairs of forces, which one or more cannot be added to give a resultant force of 2 N? 

(a) 1Nand1N (c) 1Nand3N 

(b) 1Nand2N (d) 1Nand4N 

Of the following sets of displacements, which one or more might be able to return a car to its starting point? 
(a) 3,4, 12, and 20 km (c) 20, 60, 80, and 180 km 

(b) 5, 10, 15, and 20 km (d) 100, 100, 100, and 100 km 

A boat whose velocity through the water is 14 km/h is moving in a river whose current is 6 km/h relative to the 
riverbed. The velocity of the boat relative to the riverbed must be between 


(a) 6and 14 km/h (c) 8and 14km/h 
(b) 6and 20 km/h (d) 8and 20 km/h 


A ship travels 200 km to the south and then 400 km to the west. The ship’s displacement from its starting point is 


(a) 200km = (c) 450 km 
(b) 400km  (d) 600km 
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2.8. 


2.9. 


2.10. 


2.11. 


2.12. 


2.13. 


2.1. 


2.2. 


2.3. 


2.4. 


2.5. 


2.6. 


2.7. 
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At what angle west of south should the ship in Question 2.7 have headed to arrive at the same place in a straight path? 


(a) 22° (c) 50° 
(b) 45° (d) 63° 


A conveyor belt has a velocity of 4.00 m/s at an angle of 40° above the horizontal. The vertical component of its 
velocity is 

(a) 2.00 m/s (c) 3.06 m/s 

(b) 2.57 m/s (d) 3.36 m/s 


An object is acted on by two forces of 20 N each. The angle between the forces is 120°. The resultant force on the 
object has the magnitude 


(a) 20N  (c) 34N 
(b) 28N  (d) 40N 


A force F has the components F, and F,. The magnitude F, of the force component in the x direction is given by 


(a) F-F, (c) /F-F, 
(0) VF-JF, @) /pP—R 


7 
Forces of 20 N to the south, 40 N to the northeast, and 10 N to the east act on an object. The magnitude of the resultant 
force on the object is 

(a) 10N (c) 39N 

(b) 20N (d) 46N 

The resultant for the forces in Question 2.12 points 


(a) 24° east of north (c) 52° east of north 
(b) 45° east of north (d) 78° east of north 


Supplementary Problems 


Find the length of the hypotenuse of a right triangle whose legs are 483 and 620 m long. 


The hypotenuse of a right triangle is 28 cm long and the length of one of the legs is 23 cm. Find the length of the 
other leg. 


Find the values of the unknown sides and angles in the right triangles for which the following data are known (see 
Fig. 2-8). 

(a)d = 45°,a = 10 (dja=3,b=4,c=5 

(b)@ = 15°,b=4 (ea =5,b=12,c= 13 

(c)@ = 25°,c =5 


Two forces, one of 10 N and the other of 6 N, act on a body. The directions of the forces are not known. 
(a) What is the minimum magnitude of the resultant of these forces? (b) What is the maximum magnitude? 


A man drives 10 km to the north and then 20 km to the east. What are the magnitude and direction of his displacement 
from the starting point? 


Find the magnitude and direction of the resultant force produced by a vertically upward force of 40 N and a 
horizontal force of 30 N. 


Find the vertical and horizontal components of a 50-N force that is directed 50° above the horizontal. 
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2.8. 


2.9. 


2.10. 


2.11. 


2.12. 


2.13. 


2.14. 


2.15. 


2.1. 


2.2. 


2.3. 


2.4. 


2.5. 


2.1. 


2.2. 


2.3. 


A woman pushes a lawn mower with a force of 80 N. If the handle of the lawn mower is 40° above the horizontal, 
how much downward force is being exerted on the ground? 
An airplane is heading northeast at a velocity of 550 km/h. What is the northward component of its velocity? The 
eastward component? 
A boat heads northwest at 20 km/h in a river that flows east at 6 km/h. What are the magnitude and direction of the 
boat’s velocity relative to the earth’s surface? 
An airplane whose velocity is 120 km/h has just taken off from a runway. A car driving at 100 km/h on the runway is 
able to remain just below the airplane. At what angle is the airplane climbing? 
A boat moving at 36 km/h is crossing a river in which the current is flowing at 12 km/h. In what direction should the 
boat head if it is to reach a point on the other side of the river directly opposite its starting point? 
An airplane flies 400 km west from city A to city B, then 300 km northwest to city C, and finally 100 km north to 
city D. How far it is from city A to city D? In what direction must the airplane head to return directly to city A from 
city D? 
Find the magnitude and direction of the resultant of a 5-N force that acts at an angle of 37° clockwise from the +x 
axis, a 3-N force that acts at an angle of 180° clockwise from the +x axis, and a 7-N force that acts at an angle of 
225° clockwise from the + x axis. 
Find the magnitude and direction of the resultant of a 60-N force that acts at an angle of 45° clockwise from the + y 
axis, a 20-N force that acts at an angle of 90° clockwise from the + axis, and a 40-N force that acts at an angle of 
300° clockwise from the +y axis. 
Answers to Multiple-Choice Questions 

(c) 2.6. (d) 2.11. (d) 

(b) 2.7. (c) 2.12. (c) 

(d) 2.8. (d) 2.13. (d) 

(d) 2.9. (b) 

(bd), (d) 2.10. (a) 


Answers to Supplementary Problems 


786 m 


16cm 
(a) b=10, c= 14.1, 6 =45° (d) 06=37°, 6=53° 


(b) a=1.07,c=4.14,6=759 (e—) 6=23°, 6=67 
(c) a=2.11, b=4.53, 6 = 65° 
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2.6. 


2.7. 


2.8. 


2.9. 


2.10. 


2.11. 


2.12. 


2.13. 


2.14. 


2.15. 
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(a) 4N (b) 16N 

22 km at 63° east of north 

50 N at 53° above the horizontal 

38.3 N; 32.2N 

51.4N 

389 km/h; 389 km/h 

16.3 km/h at 30° west of north 

34° 

19° upstream of directly across the river 
687 km at 63° east of south 

4.4 N at 206° clockwise from the + x axis 


68 N at 24° clockwise from the + axis 
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Motion ina 
Straight Line 


VELOCITY 


The velocity of a body is a vector quantity that describes both how fast it is moving and the direction in which it 
is headed. The magnitude of a velocity is sometimes called speed. 

In the case of a body traveling in a straight line, the magnitude of its velocity is simply the rate at which it 
covers distance. The average velocity ¥ of such a body when it covers the distance s in the time ft is 


_ sos 
v= - 
t 


. distance 
Average velocity = ———— 
time 
The average velocity of a body during the time ¢ does not completely describe its motion, however, because 
during the time ¢ it may sometimes have gone faster than v and sometimes slower. The velocity of a body at any 
given moment is called its instantaneous velocity and is given by 
As 


Vinst = 


At 


Here Ass is the distance the body has gone in the very short time interval At at the specified moment. (A is the 
capital Greek letter de/ta and is often used to indicate a small change in some quantity.) Instantaneous velocity 
is what a car’s speedometer indicates. 

When the instantaneous velocity of a body does not change, it is moving at constant velocity. For the case of 
constant velocity, the basic formula v = s/t can be rewritten to give the distance covered in a given period of time: 


S=vt 


Distance = (constant velocity)(time) 
Another way to write v = s/t gives the time needed to cover a given distance at the constant velocity v: 


t= — 
Vv 


distance 


Time = ———_____ 
constant velocity 
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SOLVED PROBLEM 3.1 
A ship travels 9 km in 45 min. What is its speed in kilometers per hour? 


Since 45 min = ; h, 


SOLVED PROBLEM 3.2 


The velocity of light is 3.0 x 108 m/s. How long does it take light to reach the earth from the sun, which 
is 1.5 x 10!! m away? 


Ss 1.5 x 10" m 


(i. 30MIG@ne oo 


SOLVED PROBLEM 3.3 


You are standing 100 m north of your car when an alligator appears 20 m north of you and begins to run 
toward you at 8 m/s. At the same moment you start to run toward your car at 5 m/s. (a) Will you reach 
the car before the alligator overtakes you? (b) If not, how far from your car does the alligator have lunch? 


(a) You would need 


Sy 100 m 
a = 20s 
Vy 5 m/s 


to reach your car, but the alligator would need only 


: i OTe 
age Regiig. as 


Hence the alligator will overtake you before you get to the car. Too bad. 


(b) If the alligator catches up with you in the time ¢ at the distance d from your car, you will have gone 100 m — d 
at the velocity v; and the alligator will have gone 120 m — d at the velocity v2. Thus there are two formulas 
for ft, 


,_ 100m—d _ 120m-d 
= V1 = v2 


100m—d _ 120m-d 
5Sm/s  —— 8 m/s 


and so 


Solving for the distance d gives 


(8 m/s)(100 m — d) = (5 m/s)(120 m — d) 
800 m — 8d = 600 m — 5d 
3d = 200m 
d=67m 


SOLVED PROBLEM 3.4 


A car travels 270 km in 4.5 h. (a) What is its average velocity? (b) How far will it go in 7.0 h at this 
average velocity? (c) How long will it take to travel 300 km at this average velocity? 
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(a) pee Eo ee 
5 Cp AS 
(b) s = 0t = (60 km/h)(7.0 h) = 420 km 
fo S60 ete 
©) ag eon Tr 
SOLVED PROBLEM 3.5 


An airplane whose velocity relative to the air is a constant 800 km/h has a constant tailwind of 240 km/h. 
How long will it take the airplane to cover 2000 km relative to the ground? 


The ground velocity of the airplane is 
v = 800 km/h + 240 km/h = 1040 km/h 


Hence the time needed to cover 2000 km over the ground is 


Ss 2000 km F 
=-— = —— =1,92h=1h55 min 
v 1040 km/h 


SOLVED PROBLEM 3.6 


A car travels at 100 km/h for 2 h, at 60 km/h for the next 2 h, and finally at 80 km/h for 1 h. What is the 
car’s average velocity for the entire journey? 


The car’s average velocity equals the total distance it covers divided by the total time. Hence 


St + $2453 Viti + Vol + V3b3 
trthth ttt+tht+h 


y= 


_ (100 km/h) (2 h) + (60 km/h) (2 h) + (80 km/h) (1 h) 
i 2h+2h+1h 


- 400 km 


= 80 km/h 
Sh 


ACCELERATION 


A body whose velocity is changing is accelerated. A body is accelerated when its velocity is increasing, decreasing, 
or changing in direction. Accelerations that involve a change in direction are discussed in Chapter 9. 

The acceleration of a body is the rate at which its velocity is changing. If a body moving in a straight line 
has a velocity of vo at the start of a certain time interval ¢ and of v at the end, its acceleration is 


Vv — vo 
t 
velocity change 


Acceleration - 
time 


A positive acceleration means an increase in velocity; a negative acceleration (sometimes called a deceleration) 
means a decrease in velocity. Only constant accelerations are considered here. 
The defining formula for acceleration can be rewritten to give the final velocity v of an accelerated body: 
v=vo tat 


Final velocity = initial velocity + (acceleration) (time) 
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We can also solve for the time ¢f in terms of vo, v, and a: 


V—VOo 


a 
: velocity change 
Time = ———__— 
acceleration 
Velocity has the dimensions of distance/time. Acceleration has the dimensions of velocity/time or distance/ 
time”. A typical acceleration unit is the m/s” (meter per second squared). Sometimes two different time units are 
convenient; for instance, the acceleration of a car that goes from rest to 90 km/h in 10 s might be expressed as 


a = 9 (km/h)/s. 


SOLVED PROBLEM 3.7 


A car starts from rest and reaches a velocity of 40 m/s in 10 s. (a) What is its acceleration? (b) If its 
acceleration remains the same, what will its velocity be 5 s later? 


(a) Here vo = 0. Hence 


(b) Now vo = 40 m/s, so 
v = vo tat = 40 m/s + (4 m/s”)(5 s) = 40 m/s + 20 m/s = 60 m/s 


SOLVED PROBLEM 3.8 


A baseball is moving at 25 m/s when it is struck by a bat and moves off in the opposite direction at 
35 m/s. If the impact lasted 0.010 s, find the baseball’s acceleration during the impact. 
The baseball’s initial velocity is vp = 25 m/s and its final velocity is —35 m/s; the minus sign is needed because 
the baseball has reversed its direction of motion. Hence 
35 m/ 25 m/ 60 m/ 
aoe 5) = * = —6000 m/s? = —6.0 km/s 
t 0.010 s 0.010 s 


The acceleration is negative because it is opposite in direction to the original direction of the baseball. 


az 


SOLVED PROBLEM 3.9 


(a) What is the acceleration of a car that goes from 20 to 30 km/h in 1.5 s? (b) At the same acceleration, 
how long will it take the car to go from 30 to 36 km/h? 


v—vo  30km/h — 20 km/h 


(a) a= = = 6.7 (km/h)/s 
t 1.558 
_ k — 30 km/h 

(b) era vo _ 36 m/h — 30 km/ Gog 
a 6.7 (kim/h)/s 


DISTANCE, VELOCITY, AND ACCELERATION 


Let us consider a body whose velocity is v9 when it starts to be accelerated at a constant rate. After time ¢ the 
final velocity of the body will be 


v=vo+at 


How far does the body go during the time interval tr? The average velocity ) of a body whose acceleration 
is constant is 
Votv 
2 


td 
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7 (7) 
and so s=vt= 5 t 


Since v = vo + at, another way to specify the distance covered during f is 


Vo + Vo + at 1.2 
s = | ——— ]¢t =vot+ sat 
( 2 ) 2 
If the body is accelerated starting from rest, vp = O and 
ery, 
s= zal 


Another useful formula gives the final velocity of a body in terms of its initial velocity, its acceleration, and 
the distance it has traveled during the acceleration: 


v= vi + 2as 


This can be solved for the distance s to give 


2 2 
vey 
s= o 
2a 
In the case of a body that starts from rest, vp = 0 and 

2 
v = V2as s=— 
2a 


Table 3.1 summarizes the formulas for motion under constant acceleration. 


Table 3-1 Formulas for Motion 
under Constant Acceleration 


Distance Final Velocity 


SOLVED PROBLEM 3.10 
Derive the formula y? = va + 2as. 


We start with the formula s = vof + sat? and substitute for ¢ the expression 


Vv — Vo 


The result is 


a 2 a 
Voy ve v2 voy va 
= + + 
a a 2a a 2a 
v—ve 
2a 


Multiplying through by 2a and rearranging gives 


v= vo + 2as 
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SOLVED PROBLEM 3.11 


A car has an acceleration of 8 m/s. (a) How much time is needed for it to reach a velocity of 24 m/s if it 
starts from rest? (b) How far does it go during this period? 


(a) ; v 24 m/s 
a =>-= — 
a8 m/s? 


(b) Since the car starts from rest, vo = 0 and 


s = Sat? = (5) (8 m/s*)(3s)? = 36m 


SOLVED PROBLEM 3.12 


The brakes of a certain car can produce an acceleration of 6 m/s”. (a) How long does it take the car to 
come to a stop from a velocity of 30 m/s? (b) How far does the car travel during the time the brakes are 


applied? 
Gi pa Ps SOMS ‘ 
“a 6m/s? 
(b) Here the signs of vo and a are important. The initial velocity of the car is vp = +30 m/s and its acceleration is 
—6 m/s”, so 
8 = vot + 3at? = (30 mis)(5 s) — (5) (6 m/s”)(5 s)? = 75 m 
SOLVED PROBLEM 3.13 


A car starts from rest with an acceleration of 2 m/s”. What is its velocity after it has gone 200 m? 


v = V2as = V/(2)(2 m/s?) (200 m) = 28 m/s 


SOLVED PROBLEM 3.14 


An airplane must have a velocity of 50 m/s in order to take off. What must the airplane’s acceleration be 
if it is to take off from a runway 500 m long? 


Since v? = 2as, 


v2 (50 m/s)? . 
Se a mil 
7 = 3s (2)600m) : 


SOLVED PROBLEM 3.15 


The brakes of a car whose initial velocity is 30 m/s are applied, and the car receives an acceleration of 
—2 m/s”. How far will it have gone (a) when its velocity has decreased to 15 m/s and (b) when it has 
come to a stop? 


(a) Since v? = vo +2as, 


v?—ve (15 m/s)? — (30 m/s)” 
2a (2)(—2 m/s?) 


(b) Here v = 0, and so 


0 — (30 m/s) 
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SOLVED PROBLEM 3.16 


3.1. 


3.2. 


3.3. 


3.4. 


3.5. 


3.6. 


3.7. 


The driver of a car traveling at 50 m/h applies the brakes and the car decelerates at a constant rate. What 
is the velocity of the car 0.8 mi farther along the road if the car reaches this point 1.2 min after the brakes 
were applied? 


Here ¢ = 1.2 min = (1.2/60)h = 0.02 h. Since 


the final velocity is 


2s 
v= = Vo 
t 


= 208M) _ 59 mish = (80 — 50) mi/h = 30 mi/h 
~~ 0.02h 7 7 


Multiple-Choice Questions 


In which of the following examples is the motion of the car not accelerated? 


(a) Acar turns a corner at the constant velocity of 20 km/h. 

(b) Acar climbs a steep hill at the constant velocity of 20 mi/h. 

(c) Acar climbs a steep hill with its velocity dropping from 60 km/h at the bottom to 20 km/h at the top. 

(d) A car climbs a steep hill and goes over the top and then down on the other side, all at the same velocity of 
40 km/h. 


A snail travels 45 cm in 20 min. Its average velocity is 


(a) 225cm/h  (c) 90cm/h 
(b) 15 cm/h (d) 135 cm/h 


A car travels at 20 km/h for 1.5 h, at 30 km/h for 2.0 h, and at 40 km/h for 0.75 h. The car’s average velocity is 
approximately 


(a) 19km/h (c) 28 km/h 
(b) 21 km/h (d) 30km/h 


How long does a bicycle with an acceleration of 0.8 m/s” take to go from 4 to 12 m/s? 

(a) 64s (c) 15s 

(b) 10s (d) 26s 

A car that starts from rest has a constant acceleration of 4 m/s’. In the first 3 s the car travels 

ia 6H © 8m 

(b) 12m () 72m 

An airplane starting from rest takes 25 s and 500 m of runway at constant acceleration to leave the ground. Its velocity 
when it becomes airborne is 

(a) 20 m/s (c) 40 m/s 

(b) 32m/s (ad) 80m/s 


A car has an acceleration of 1.2 m/s’. If its initial velocity is 10 m/s, the distance the car covers in the first 5 s after the 
acceleration begins is 
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(a) 15m (c) 53m 
(b) 25m (d) 65m 


A car with its brakes applied has an acceleration of —1.2 m/s’. If its initial velocity is 10 m/s, the distance the car 
covers in the first 5 s after the acceleration begins is 

(a) 15m  (c) 35m 

(b) 32m (d) 47m 

The distance the car in Question 3.8 travels before it comes to a stop is 


(a) 65m  (c) 21m 
(b) 83m  (d) 42m 


Supplementary Problems 


A ship steams at a constant velocity of 30 km/h. (a) How far does it travel in a day? (b) How long does it take to travel 
500 km? 


A car moves at 50 km/h for 5 h and then at 60 km/h for 2 h. (a) How far did it go? (b) What was its average velocity 
for the entire trip? 


A woman jogs halfway home at 8 km/h and walks the rest of the way at 6 km/h. Find her average velocity for the 
entire trip. 


An airplane whose airspeed is 500 km/h covers a distance of 1000 km in 25 h. How strong was the headwind against 
it? 


A boat moving downstream (with the current) in a river takes 4 min 7 s to cover a measured mile according to marks 
on shore, and 7 min 30 s to cover the same distance moving upstream (against the current). If the boat’s velocity 
relative to the water is 11 mi/h, what is the velocity of the current in the river? 


How long does it take an echo to return to a woman standing 300 m from a cliff? The velocity of sound in air is about 
343 m/s. 


A car moving at 100 km/h is 80 km behind another car moving at 60 km/h in the same direction. How far does the 
first car travel before it overtakes the second car? 


A pitcher takes 0.1 s to throw a baseball, which leaves his hand at a velocity of 30 m/s. What is the acceleration of 
the baseball while it is being thrown? 


A car comes to a stop in 6 s from a velocity of 30 m/s. (a) What is its acceleration? (b) At the same acceleration, how 
long would it take the car to come to a stop from a velocity of 40 m/s? 


The brakes of a car can slow it down from 60 to 40 km/h in 2 s. How long will it take to bring the car to a stop from 
an initial velocity of 25 km/h at the same acceleration? 


An object starts from rest with an acceleration of 10 m/s. (a) How far does it go in 0.5 s? (b) What is its velocity 
after 0.5 s? 


A car has an initial velocity of 10 m/s when it begins to be accelerated at 2.5 m/s”. (a) How long does it take to reach 
a velocity of 25 m/s? (b) How far does it go during this period? 


The brakes of a car moving at 14 m/s are applied, and the car comes to a stop in 4 s. How far does the car go while it 
is slowing down from 14 to 10 m/s? 
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A car whose velocity is 20 km/h is given an acceleration of 5 (km/h)/s. What is its velocity after it has gone 0.25 km? 


A sports car has an acceleration of 3 m/s?. How much distance does it cover while its velocity is increased from 0 to 
10 m/s? From 10 to 30 m/s? 


Find the acceleration of a car that comes to a stop from a velocity of 60 m/s in a distance of 360 m. 
A bus starts from rest and accelerates at 1.5 m/s? until it reaches a velocity of 9 m/s. The bus continues at this velocity 


and then decelerates at —2 m/s? until it comes to a stop 400 m from its starting point. How much time did the bus 
take to cover the 400 m? 


Answers to Multiple-Choice Questions 


(bD) 3.6. (c) 
(d) 3.7. (d) 
() 3.8. (©) 
(b) 3.9. (d) 
(c) 
Answers to Supplementary Problems 
(a) 720km (6) 17.7h 3.10. 2.55 
(a) 145km (6) 58km/h 3.11. (@) 1.25m (b) 5m/s 
6.9 km/h 3.12. (a) 6s (b) 105m 
100 km 3.13. 13.7m 
3 mi/h 3.14. 27 m/s = 97 km/h 
1.75 s 3.15. 17m; 133m 
200 km 3.16. —5 m/s? 
300 m/s? 3.17. 50s 


(a) 5 m/s? (b) 8s 


Motion ina 
Vertical Plane 


ACCELERATION OF GRAVITY 


All bodies in free fall near the earth’s surface have the same downward acceleration of 
g = 9.8 m/s” = 32 ft/s” 


A body falling from rest in a vacuum thus has a velocity of 32 ft/s at the end of the first second, 64 ft/s at the end 
of the next second, and so forth. The farther the body falls, the faster it moves. 

A body in free fall has the same downward acceleration whether it starts from rest or has an initial velocity 
in some direction. 

The presence of air affects the motion of falling bodies partly through buoyancy and partly through air 
resistance. Thus two different objects falling in air from the same height will not, in general, reach the ground at 
exactly the same time. Because air resistance increases with velocity, eventually a falling body reaches a terminal 
velocity that depends on its mass, size, and shape, and it cannot fall any faster than that. 


FALLING BODIES 


When buoyancy and air resistance can be neglected, a falling body has the constant acceleration g, and the 
formulas for uniformly accelerated motion apply. Thus a body dropped from rest has the velocity 


v= gt 
after time t, and since s = sat’, it has fallen through a vertical distance of 
Le stegid 
From the latter formula we see that 


2h 
t= ,/— 
& 
and so the velocity of the body is related to the distance it has fallen by v = gf, or 
v= /2gh 
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To reach a certain height h, a body thrown upward must have the same initial velocity as the final velocity 
of a body falling from that height, namely, v = /2gh. 
(Air resistance is assumed to be negligible in the problems of this chapter.) 


SOLVED PROBLEM 4.1 


A person at the masthead of a sailboat moving at constant velocity in a straight line drops a wrench. The 
masthead is 20 m above the boat’s deck and the stern of the boat is 10 m behind the mast. Is there a 
minimum velocity the sailboat can have in order that the wrench not land on the deck? 


The horizontal component of the wrench’s velocity equals the forward velocity of the boat, so the wrench hits 
the deck directly below the point from which it was dropped. Only if the boat were accelerated would it be possible 
for the wrench to miss the deck. 


SOLVED PROBLEM 4.2 


A stone dropped from a bridge strikes the water 2.5 s later. (a) What is its final velocity in meters per 
second? (b) How high is the bridge? 


(a) v = gt = (9.8 m/s’)(2.5 s) = 24.5 mis 
(b) h = 5gt? = (5) 9.8 m/s’)(2.5 s)? = 30.6 m 
SOLVED PROBLEM 4.3 


A ball is dropped from a window 64 ft above the ground. (a) How long does it take the ball to reach the 
ground? (b) What is its final velocity? 


(a) Sinceh = i gt?, 


2h 2)(64 ft 
2h _ [OEM _ gz_r, 
g 32 ft/s 


(Db) v = gt = (32 ft/s*)(2 s) = 64 ft/s 


SOLVED PROBLEM 4.4 
What velocity must a ball have when thrown upward if it is to reach a height of 15 m? 


The upward velocity the ball must have is the same as the downward velocity the ball would have if dropped 
from that height. Hence 


v= /2gh= (Qos m/s2)(15 m) = /294 m2/s? = 17 m/s 


SOLVED PROBLEM 4.5 


A ball is thrown downward from the edge of a cliff with an initial velocity of 6 m/s. (a) How fast is it 
moving 2 s later? (b) How far does it fall in these 2 s? 


(a) v =vo + gt = 6 m/s + (9.8 m/s”)(2 s) = 6 m/s + 19.6 m/s = 25.6 m/s 
(b) h = vot + gt? = (6 m/s)(2 s) + (4) (9.8 m/s*)(2 s)? = 12m+ 19.6m = 31.6m 
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SOLVED PROBLEM 4.6 


A ball is thrown upward from the edge of a cliff with an initial velocity of 6 m/s. (a) How fast is it moving 
5 s later? In what direction? (b) How fast is it moving 2 s later? In what direction? 


(a) We consider upward as + and downward as —. Then vp = +6 m/s and g = —9.8 m/s”, so 
v = vo + gt = 6 m/s + (—9.8 m/s*)(4 s) = 6 m/s — 4.9 m/s = 1.1 m/s 


which is positive and hence upward. 
(b) After 2s 


v =vo+ gt = 6 m/s + (—9.8 m/s’) (2 s) = 6 m/s — 19.6 m/s = —13.6 m/s 


which is negative and hence downward. 


SOLVED PROBLEM 4.7 


A person in a closed elevator with no floor indicator does not know whether the elevator is stationary, 
moving upward at constant velocity, or moving downward at constant velocity. To try to find out, the 
person drops a coin from a height of 2 m and times its fall with a stopwatch. What would be noted in 
each case? 


Since the coin has exactly the same initial velocity when it is dropped as the elevator, this experiment would 
give the same time of fall in each case. This time of fall is 


fx, (ot OEY =: Spano 06k s 


g 9.8 m/s” 
However, if the elevator were accelerated upward or downward, the time of fall would be, respectively, less or more 
than this. 
PROJECTILE MOTION 


The formulas for straight-line motion can be used to analyze the horizontal and vertical aspects of a projectile’s 
flight separately because these are independent of each other. If air resistance is neglected, the horizontal velocity 
component v, remains constant during the flight. The effect of gravity on the vertical component v, is to provide 


a downward acceleration. If v, is initially upward, v, first decreases to 0 and then increases in the downward 
direction. 


The range of a projectile launched at an angle 6 above the horizontal with initial velocity vo is 
2 


Vo. 
R= —sin20 
& 


The time of flight is 
2vo sin@ 
~ & 
If 6; is an angle other than 45° that corresponds to a range R, then a second angle 6) for the same range is 
given by 
62 = 90° — 0; 


as shown in Fig. 4-1. 
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Zs, 
Fig. 4-1 


SOLVED PROBLEM 4.8 


A ball is thrown horizontally from a cliff at 8 m/s. (a) How fast is it moving 2 s later? (b) In what direction 
is it moving? 


(a) The ball’s velocity after 2 s has the horizontal component v, = 8 m/s and the vertical component 
vy = gt = (9.8 m/s”)(2 s) = 19.6 m/s 


Hence the magnitude of its final velocity is 


v= [v2 + v2 = J mis)? + (19.6 m/s)? = 21.2 m/s 
(b) From Fig. 4-2 we see that 
tand = ee 
Vx 


where @ is the angle of the ball’s velocity below the horizontal. The angle 6 is accordingly 


19.6 m/s 
6=tan! 2 — = 68° 
BY 9s 8 m/s 
Vv, 
@ 
vy v 
Fig. 4-2 


SOLVED PROBLEM 4.9 


An airplane is in level flight at a velocity of 500 km/h and an altitude of 1500 m when a wheel falls off. 
(a) How long does the wheel take to reach the ground? (b) What horizontal distance will the wheel travel 
before it strikes the ground? (c) What will the wheel’s velocity be when it strikes the ground? 
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5 = Dol 


Fig. 4-3 


(a) The horizontal velocity of the wheel does not affect its vertical motion (Fig. 4-3). The wheel therefore reaches 
the ground at the same time as a wheel dropped from rest at an altitude of 1500 m, which is 


2h [21500 
jai) 2 = iiss 
& 9.8 m/s 


(b) The horizontal component of velocity of the wheel is 


km (1000 m/km 
, = (soo— )(— 
, (soo) ( 3600 s/h 


In t = 17.5 s the wheel will travel a horizontal distance of 


) = 139 m/s 


xX = v,t = (139 m/s)(17.5 s) = 2433 m = 2.43 km 
(c) The final velocity of the wheel has the horizontal component v, = 139 m/s and the vertical component 
vy = gt = (9.8 m/s*)(17.5 s) = 172 m/s 


Hence the final velocity is 


v = /v2 +. v2 = (139 m/s)? + (172 m/s)? = 221 m/s 


SOLVED PROBLEM 4.10 


A football is thrown with a velocity of 10 m/s at an angle of 30° above the horizontal. (a) How far away 
should its intended receiver be? (b) What will the time of flight be? 


2 2 
(a) Re y 8in26 = Sear | (sin 60°) = 8.8m 
2vsin@ — (2)(10 m/s)(sin 30° 
(b) T = a me os Ye ion 
SOLVED PROBLEM 4.11 


An air rifle is fired at an angle of 60° above the horizontal. (a) If the pellet’s initial velocity is 40 ft/s, 
how far does it go? (b) What is its time of flight? 


(a) Here 26 = 120°. Hence 


2 4O ft 2, 

R= 2 sin2@ = | (sin 120°) = 43 ft 

g 32 fs 

i p= 2osind _ AD HSY(siN60") _ 1, 
g 32 ft/s 
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SOLVED PROBLEM 4.12 
At what angle should a projectile be fired in order for its range to be a maximum? 
The range of a projectile is given by 


y2 


R= —sin20 
g 


The greatest value the sine function can have is 1. Since sin90° = 1, the maximum range occurs when 
26 = 90° 6 = 45° 
Larger and smaller angles than 45° give shorter ranges. When 6 = 45°, 
% 


Rinax = — 


SOLVED PROBLEM 4.13 


(a) What minimum initial velocity must a projectile have to reach a target 90 km away? 
(b) What would the time of flight be? 


(a) The maximum range of a projectile of initial velocity vo is R = vi /g. Solving for vo gives vo = ./Rg. Since 
here 


R = (90 km)(1000 m/km) = 9 x 104m 


we have vo = JRe = V(9 x 104 m)(9.8 m/s) = /8.82 x 10° m2/s? 


To find a square root, the power of 10 must be an even number. We therefore write 8.82 x 10° as 88.2 x 10+ 
and find that 


vo = V88.2 x 104 m?/s? = 9.39 x 10° m/s = 939 m/s 


(b) Here 6 = 45°, corresponding to maximum range, so 


7 = 2vosin _ (2)(939 m/s)(sin 45°) 


9.8 mis? = 136s =2 min 16s 
g . S 


SOLVED PROBLEM 4.14 


At what two angles above the horizontal can a projectile be fired in order to reach a distance equal to half 


its maximum range? 


The maximum range is Rmax = vo/2; and so here R = Ryax/2 = vi /(2g). The smaller angle 6, is found as 


follows: 
2 
R= Yo sin 20; = Yo. 
8 2g 
sin 20; = 5 = 0.5 
20, = sin“! 0.5 


Gi 5 sin 0,5‘ =15* 


The larger angle 0, is given by 


0, = 90° — 6; = 90° — 15° = 75° 
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Multiple-Choice Questions 


A stone thrown upward has an acceleration that is 


(a) smaller than that of a stone thrown downward 
(b) the same as that of a stone thrown downward 
(c) greater than that of a stone thrown downward 
(d) zero until it reaches the highest point in its path 


A ball is dropped from a roof at the same time as another ball is thrown upward from the roof. The two balls 


(a) have the same velocity when they reach the ground 

(b) have the same acceleration when they reach the ground 
(c) reach the ground at the same time 

(d) none of the above 


Ball A is dropped from a roof at the same time as ball B is thrown horizontally from the roof. Ball A 


(a) reaches the ground first 
(b) reaches the ground last 
(c) has the greater velocity when it reaches the ground 
(d) has the smaller velocity when it reaches the ground 


A bottle falls from a blimp whose altitude is 1200 m. The bottle reaches the ground in approximately 


(a) 5s (c) 16s 
(b) lls (d) 245s 


After a stone dropped from a cliff has fallen 20 m, the stone’s velocity is 


(a) 10m/s (c) 196 m/s 
(b) 20m/s  (d) 392 m/s 


A ball is thrown vertically upward at 20 m/s. The ball comes to a momentary stop in approximately 


(a) 058s (c) 1.58 
(b) 1.08 (d) 2.0s 


At what velocity will the ball of Question 4.6 reach the ground? 


(a) 0.8 m/s (c) 20m/s 
(b) 19.6m/s  (d) 40m/s 


A ball is thrown downward at 6.0 m/s from a window 12.0 m above the ground. When it reaches the ground, the ball’s 
velocity will be 


(a) 93 m/s (c) 21.3 m/s 
(b) 15.3m/s  (d) 52.8 m/s 


A ball is thrown horizontally from a roof at 12.0 m/s. The ball’s velocity 2 s later will be 

(a) 12.0 m/s (c) 23.0 m/s 

(b) 19.6 m/s (d) 31.6 m/s 

A ball is thrown 40° above the horizontal at 4.0 m/s. After 0.50 s the horizontal component of the ball’s velocity will 
be 


(a) 2.6m/s_ (c) 3.4m/s 
(b) 3.1m/s_ (d) 5.5 m/s 
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A ball is thrown 40° below the horizontal at 4.0 m/s. After 0.50 s the horizontal component of the ball’s velocity 
will be 


(a) 26m/s (c) 3.4m/s 
(b) 3.1m/s (d) 5.5 m/s 


After 0.50 s the vertical component of the velocity of the ball of Question 4.11 will be 


(a) 26m/s  (c) 4.9 m/s 
(b) 3.1m/s (d) 7.5 m/s 


Supplementary Problems 


A hunter aims a rifle directly at a squirrel on a branch of a tree. The squirrel sees the flash of the rifle’s firing. Should 
the squirrel stay where it is or drop from the branch in free fall the moment the rifle is fired? 


A stone is dropped from the edge of a cliff. (a) What is its velocity in meters per second 3 s later? (b) How far does it 
fall in this time? (c) How far will it fall in the next second? 


A girl throws a ball 20 m vertically into the air. (a) How long does she have to wait to catch it on the way down? 
(b) What was its initial velocity? (c) What will be its final velocity? 


The Sears Tower in Chicago is 1454 ft high. (a) How long would it take an object dropped from the top of the building 
to reach the ground? (b) What would the object’s final velocity be? 


A body in free fall reaches the ground in 5 s. (a) From what height in meters was it dropped? (b) What is its final 
velocity? (c) How far did it fall in the last second of its descent? 


The acceleration of gravity on the surface of Mars is 3.7 m/s’. If a ball is thrown vertically downward at 10 m/s from 
a cliff on Mars, (a) What will its speed be after 1 s? (b) After 3 s? 


A ball is thrown vertically upward with a velocity of 12 m/s. (a) At what height is the ball 1 s later? (b) 2 s later? 
(c) What is the maximum height the ball reaches? 


A ball is thrown horizontally with a velocity of 12 m/s. (a) How far has the ball fallen 1 s later? (b) 2 s later? 
A ball is thrown vertically downward with a velocity of 12 m/s. (a) How far has the ball fallen 1 s later? (b) 2 s later? 


A pear is thrown vertically downward from a cliff 48 m high and reaches the foot of the cliff 2 s later. Find the initial 
velocity of the pear. 


A rifle with a muzzle velocity of 200 m/s is fired with its barrel horizontally at a height of 1.5 m above the ground. (a) 
How long is the bullet in the air? (b) How far away from the rifle does the bullet strike the ground? (c) If the muzzle 


velocity were 150 m/s, would there be any difference in these answers? 


A ball is rolled off the edge of a table 3 ft high with a horizontal velocity of 4 ft/s. With what velocity does it strike 
the floor? 


A rescue line is to be thrown horizontally from the upper deck of a ship 30 m above sea level to a lifeboat 30 m away. 
What should the velocity of the line be? 


If the initial velocity of a projectile were doubled, how would its maximum range be affected? 


A crossbow can shoot an arrow 100 m vertically upward. (a) What is its maximum horizontal range? (b) With what 
velocity will the arrow strike the ground when shot vertically upward and when shot so as to have the maximum range? 
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A shell is fired at an angle of 40° above the horizontal at a velocity of 300 m/s. (a) What is its range? (b) What is its 
time of flight? 


A golf ball leaves the club 40 m/s at an angle of 55° above the horizontal. (a@) What is its range? (b) What is its time 
of flight? 


A rifle bullet has a muzzle velocity of 200 m/s. (a) At what angle should the rifle be pointed to achieve the maximum 
range? (b) What is that range? (c) What is the time of flight at the maximum range? 


An arrow leaves a bow at 25 m/s. (a) What is its maximum range? (b) At what two angles can it be sent above the 
horizontal to reach a target 50 m away? 


A soccer ball that was kicked at an angle of 40° above the horizontal strikes the ground 25 m away. What was its 
initial velocity? 


Answers to Multiple-Choice Questions 


(b) 4.7. (c) 
(b) 4.8. (c) 
(dd) 49% (©) 
(c) 4.10. (b) 
(b) 4.11. (b) 


(b) 4.12. (d) 


Answers to Supplementary Problems 


The squirrel should stay where it is. If it drops, it will fall with the same acceleration as the bullet and so will be 
struck. 


(a) 294m/s (b) 441m  (c) 343m 
(a) 404s  (b) 198m/s_ (c) 19.8 m/s 
(a) 9.5s  (b) 305 ft/s 

(a) 123m (b) 49m/s_ (ce) 44m 
(a) 13.7m/s (b) 43.3 m/s 

(a) 71m (b) 44m (ce) 7.3m 

(a) 49m (b) 19.6m 


(a) 169m  (b) 43.6m 
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4.10. 14 m/s 


411. (a) 056s (b) 112m 


(c) The time would be unchanged since it depends only on the height of the rifle, but the distance would be reduced 


to 84 m. 
4.12. 14.4 ft/s 
4.13. 12 m/s 


4.14. The maximum range would be four times greater. 
4.15. (a) 200m _ (b) 44m/s; 44 m/s 

4.16. (a) 9.044km (b) 39s 

417. (a) 153m (b) 67s 

4.18. (a) 45° (b) 408km (c) 29s 

4.19. (a) 64m (b) 26°, 64° 


4.20. 16 m/s 


Laws of Motion 


FIRST LAW OF MOTION 


Three centuries ago, Isaac Newton formulated three principles that summarize so much of the behavior of moving 
bodies they are called the laws of motion. These laws are still valid today. According to the first law of motion, 
a body at rest remains at rest and a body in motion remains in motion at constant velocity (both magnitude and 
direction) if the body does not interact with anything else. 

We think of force loosely in terms of pushes or pulls. The first law leads to a more precise definition: A 
force is any influence that can change the velocity of a body. Two or more forces can act on a body without 
affecting its velocity if the forces cancel one another out. What is needed for a velocity change is a net force, or 
unbalanced force. To accelerate something, a net force must be applied to it. Conversely, every acceleration is 
due to the action of a net force. 


MASS 


The property a body has of resisting any change in its state of rest or of uniform motion is called inertia. The 
inertia of a body is related to what we can think of as the amount of matter it contains. A quantitative measure 
of inertia is mass: The more mass a body has, the less its acceleration when a given net force acts on it. The SI 
unit of mass is the kilogram (kg). A liter of water, which is 1.057 quarts, has a mass of almost exactly 1 kg. 


SECOND LAW OF MOTION 


According to Newton’s second law of motion, the acceleration a of a body that is acted upon by a force is 
proportional to the magnitude of the force and inversely proportional to the body’s mass. The greater the force, 
the greater the acceleration, and the greater the mass, the less the acceleration. The direction of the acceleration 
is the same as that of the force. Thus a = F/m, which is usually expressed in the equivalent form 


F=ma 


Net force = (mass) (acceleration) 


Net force is sometimes designated =F, where & (Greek capital letter sigma) means “sum of.” The second law 
of motion is the key to understanding the behavior of moving bodies since it links cause (force) and effect 
(acceleration) in a definite way. 

In the SI system, the unit for force is the newton (N): If a net force of 1 N is applied to a 1-kg mass, the 
mass will have an acceleration of 1 m/s”. The newton is not a basic unit, and in calculations it may have to be 
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replaced with its equivalent in terms of the meter, the second, and the kilogram. This equivalent can be found 
from F = ma:1N= (1kg)d m/s*) = 1 kg-m/s’. A newton is about 0.2248 Ib, a little less than 7 Ib. 


SOLVED PROBLEM 5.1 


A 10-kg body has an acceleration of 5 m/s”. What is the net force acting on it? 


F = ma = (10kg)(5 m/s”) = 50N 


SOLVED PROBLEM 5.2 
A force of 80 N gives an object of unknown mass an acceleration of 20 m/s”. What is its mass? 


F 80 N 


ma 20 mis? R 


SOLVED PROBLEM 5.3 


A force of 3000 N is applied to a 1500-kg car at rest. (a) What is its acceleration? (b) What will its 
velocity be 5 s later? 


(a) i = 2 m/s” 
m  1500kg 
(b) v =at = (2 m/s?)(5s) = 110 m/s 
SOLVED PROBLEM 5.4 


An empty truck whose mass is 2000 kg has a maximum acceleration of 1 m/s”. What will its maximum 
acceleration be when it carries a load of 1000 kg? 


The maximum force available is 
F = ma = (2000 kg)(1 m/s”) = 2000 N 


When this force is applied to the total mass of the loaded truck, which is 3000 kg, the resulting acceleration will be 


F  2000N 2. , 


~m 3000kg 3 
SOLVED PROBLEM 5.5 
A 1000-kg car goes from 10 to 20 m/s in 5s. What force is acting on it? 


v—vo  20m/s— 10 m/s > 
a 5 = 2 m/s 
s 


F = ma = (1000 kg)(2 m/s”) = 2000 N 


SOLVED PROBLEM 5.6 


A 60-g tennis ball approaches a racket at 15 m/s, is in contact with the racket for 0.005 s, and then 
rebounds at 20 m/s. Find the average force that the racket exerted on the ball. 


The final velocity of the tennis ball was v = —20 m/s since it reversed direction when it was struck by the 
racket. Hence the ball’s acceleration was 
v—vo —20m/s—15m/s —35 m/s 


_ = = =-7x 10° 
i i 0.005 s 0.005 s nn ous 
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Since the ball’s mass is m = 60 g = 0.06 kg, the average force on it was 
F = ma = (0.06 kg)(—7 x 10° m/s”) = —420 N 


The minus sign means that the force was in the opposite direction to that in which the ball approached the racket. 


SOLVED PROBLEM 5.7 


The brakes of a 1000-kg car exert 3000 N. (a) How long will it take the car to come to a stop from a 
velocity of 30 m/s? (b) How far will the car travel during this time? 


(a) The acceleration the brakes can produce is 


(The force is considered negative because it acts opposite to the car’s direction of motion.) Here the initial 
velocity is vo = 30 m/s, the final velocity is v = 0, and the acceleration is —3 m/s*. Hence 


v=vo+t+at 


0 = 30 m/s — (3 m/s*)(t) 


0 
pee 163 
3 m/s 
(b) s = vot + at? = (30 m/s)(10 s) — (4) (3 m/s*)(10 s)? = 300 m — 150 m = 150m 


WEIGHT 


The weight of a body is the gravitational force with which the earth attracts the body. If a person weighs 600 N 
(135 Ib), this means the earth pulls that person down with a force of 600 N. Weight (a vector quantity) is different 
from mass (a scalar quantity), which is a measure of the response of a body to an applied force. The weight of a 
body varies with its location near the earth (or other astronomical body), whereas its mass is the same everywhere 
in the universe. 

The weight of a body is the force that causes it to be accelerated downward with the acceleration of gravity g. 
Hence, from the second law of motion, with F = w anda = g, 


w =mg 
Weight = (mass)(acceleration of gravity) 


Because g is constant near the earth’s surface, the weight of a body there is proportional to its mass—a large 
mass is heavier than a small one. 


SOLVED PROBLEM 5.8 


A 100-kg man slides down a rope at constant speed. (a) What minimum breaking strength must the rope 
have? (b) If the rope has precisely this strength, will it support the man if he tries to climb back up? 


(a) Since the man slides down at constant speed, the rope must support his weight of mg = 980 N. 


(b) For the man to climb up, he must exert an additional force on the rope, so it will break. 


SOLVED PROBLEM 5.9 


(a) What is the weight of an object whose mass is 5 kg? (b) What is its acceleration when a net force of 
100 N acts on it? 
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(a) w = mg = (5kg)(9.8 m/s”) = 49 N 
(b) From the second law of motion F = ma, we have 
F 100 N d 
a= a => Ske = 20 m/s 
SOLVED PROBLEM 5.10 


A force of 1 N acts on (a) a body whose mass is | kg and (b) a body whose weight is 1 N. Find their 
respective accelerations. 


& F 1N ee 

ti lege oe 

(b) The mass of a body whose weight is w is m = w/g. Hence, in general, 
F F F 


—m wile ow 


Here F = w = IN, so the acceleration is a = g = 9.8 m/s’. 


SOLVED PROBLEM 5.11 


A net horizontal force of 4000 N is applied to a car at rest whose weight is 10,000 N. What will the car’s 
speed be after 8 s? 


To find the car’s acceleration from the second law, we need its mass, not its weight. The mass is 


w _ 10,000N 


= — = — = 1020k 
g 9.8m/s? . 
The car’s acceleration when a 4000-N net force is applied is 
F 4000 N 
SoS = 3.92 m/s” 
m  1020kg 


The car’s speed 8 s after the acceleration began is 


v =at = (3.92 m/s?)(8 s) = 31.4 m/s 


BRITISH SYSTEM OF UNITS 


In the British system, the unit of mass is the slug and the unit of force is the pound (1b). A net force of 1 1b acting 
ona mass of | slug gives it an acceleration of 1 ft/s”. Here is how units of mass and force in the SI and British 
systems are related: 


1 kg = 10° g = 0.0685 slug (1 kg corresponds to 2.21 Ib in the sense 
that the weight of 1 kg is 2.21 lb) 


1 slug = 14.6 kg (1 slug corresponds to 32 Ib in the sense 
that the weight of 1 slug is 32 Ib) 


1N = 0.225 Ib 
1lb=4.45N 


Table 5.1 relates the SI and British systems to mass and weight. 


SOLVED PROBLEM 5.12 


(a) What is the weight of an object whose mass is 50 slugs? (b) What is the mass of an object whose 
weight is 50 1b? 
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Table 5-1 Mass and Weight in the SI and British Systems 


System To find mass m To find weight w 


of Units given weight w given mass m 


w(N) 
9.8 m/s? 
w (Ib) 
32 ft/s” 


w(N) = [m (kg)](9.8 m/s”) 


SI m(kg) = 


British m/(slugs) = w (Ib) = [m(slugs)](32 ft/s?) 


(a) w = mg = (50 slugs)(32 fi/s*) = 1600 Ib 
w  501b 
b ea et Sd 
2 mg 32 fus aad 
SOLVED PROBLEM 5.13 


(a) What is the mass of a 160-lb man? (b) With what force is he attracted to the earth? (c) If he jumps 
from a diving board, what will his downward acceleration be? 
160 Ib 
(a) m= =. = 5 slugs 
g 32 ft/s 
(b) The attractive force exerted on the man by the earth is his weight of 160 Ib. 


(c) His downward acceleration is the acceleration of gravity g = 32 ft/s’. 


SOLVED PROBLEM 5.14 


A net force of 75 lb acts on a body of mass 25 slugs which is initially at rest. (a) Find its acceleration. 
(b) How fast will the body be moving 12 s later? 
F 75 |b 


(a) a=—= = 3 ft/s? 
m 25 slugs 


(b) v =at = (3 ft/s?)(12 s) = 36 ft/s 


SOLVED PROBLEM 5.15 


A net force of 150 lb acts on a body whose weight is 96 lb. What is its acceleration? 


The mass of the body is 
96 I 

m= a 7 = 3 slugs 

& 32 ft/s 
Its acceleration is therefore 

F 150 Ib 

gees = 50 ft/s 
m  3slugs 


SOLVED PROBLEM 5.16 
How much force is needed to bring a 3200-Ib car from rest to a velocity of 44 ft/s (30 mi/h) in 8 s? 
The car’s mass is 


w _ 3200 1b 


g 32 ft/s? 


= 100 slugs 
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and its acceleration is 


Hence 


F = ma = (100 slugs)(5.5 ft/s”) = 550 Ib 


FREE-BODY DIAGRAMS AND TENSION 


In all but the simplest problems that involve the second law of motion, it is helpful to draw a free-body diagram 
of the situation. This is a vector diagram that shows all the forces which act on the body whose motion is being 
studied. Forces that the body exerts on anything else should not be included, since such forces do not affect the 
body’s motion. 

Forces are often transmitted by cables, a general term that includes strings, ropes, and chains. Cables can 
change the direction of a force with the help of a pulley while leaving the magnitude of the force unchanged. The 
tension T in a cable is the magnitude of the force that any part of the cable exerts on the adjoining part (Fig. 5-1). 
The tension is the same in both directions in the cable and T is the same along the entire cable if the cable’s mass 
is small. Only cables of negligible mass will be considered here, so T can be thought of as the magnitude of the 
force that either end of a cable exerts on whatever it is attached to. 


Va 


SOLVED PROBLEM 5.17 


A 1200-kg elevator is supported by a cable in which the maximum safe tension is 14,000 N. (a) What is 
the greatest upward acceleration of the elevator? (b) The greatest downward acceleration? 


(a) The elevator’s weight is 


w = mg = (1200 kg)(9.8 m/s”) = 11,760 N 
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Figure 5-2 is a free-body diagram of the situation. Because the maximum tension in the cable is T = 14,000 N, 
the net force F available to accelerate the elevator upward is a maximum of 


F =T —w = 14,000 N — 11,760 N = 2240N 


The elevator’s acceleration when this net force is applied to it is 


F _ 2240N 


m  1200kg 


= 1.87 m/s? 


(b) The cable is flexible and so cannot push down on the elevator. The maximum downward acceleration therefore 
corresponds to free fall with an acceleration of g = 9.8 m/s’. 


Tension = 
14,000 N 
Net upward 
force = 2240 N 
Mass = 
1200 kg 
Weight = 
11,760 N 
Fig. 5-2 


SOLVED PROBLEM 5.18 


Figure 5-3 shows a 5-kg block A which hangs from a string which passes over a frictionless pulley and 
is joined at its other end to a 12-kg block B which lies on a frictionless table. (a) Find the accelerations 
of the two blocks. (b) Find the tension in the string. What would the tension be if block B were fixed in 
place? 


(a) The blocks have accelerations of the same magnitude a because they are joined by the string. The net force 
Fs on B equals the tension T in the string. From the second law of motion, taking the left as the + direction 
so that a will come out positive, 


Fz, =T =mga 


The net force F', on A is the difference between its weight m,g, which acts downward, and the tension T in 
the string, which acts upward on it. Taking downward as + so that the two accelerations have the same sign, 


Fs =mag—T=maa 


We now have two equations in the two unknowns, a and T. The easiest way to solve them is to start by 
substituting T = mga from the first equation into the second. This gives 


Mag —Mga = mga 


Mag = (Ma +meap)a 


2 
fej No (5 kg)(9.8 m/s”) SA gee 
ma +mMp Skg+ 12kg 
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Fp=T + 
Se <— 
B 
a 12 kg 
A 3 
T 
A 
Fa] oO 5kg 
MAS 
v 
Fig. 5-3 


(b) We can use either of the original equations to find the tension T. From the first, 
T = mga = (12kg)(2.9 m/s’) = 35 N 


If B were fixed in place, the tension would equal the weight of A, which is m4g = 49 N. Here the tension is 
less because B moves in response to the pull of A’s weight, but it is not zero because of B’s inertia. 


SOLVED PROBLEM 5.19 


Figure 5-4 shows the same two blocks, A and B, from Fig. 5-3 but now suspended by a string on either 
side of a frictionless pulley. (a) Find the accelerations of the two blocks. (b) Find the tension in the string. 


(a) Here A moves upward and B moves downward, so we let upward be + for A and downward be — for B. Both 
blocks have accelerations of the same magnitude a. Applying the second law of motion to the two blocks with 


the help of the free-body diagrams in Fig. 5-4 gives 


Fs =T—-—mag=maa 


Fg =mgg —T =mga 
From the first equation we have for the tension T 
T =myga+myag 
Substituting this value of T in the second equation gives 
Mpg — Mad — Mag = mga 


(mz —ma)g = (ma +mg)a 


(mp —ma)g  (12kg—5 kg)(9.8 m/s’) 
fia = 
ma +mep Skg+ 12kg 


= 4.0 m/s” 
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A 
T 
i 
A 
Fa | O S kg T 
B 

mMA8 12 kg ° FRB 

v 

™BE 
v 


Fig. 5-4 


(b) We can use either of the two equations to find the tension 7. From the first equation, 


T = mga +mag =ma(a + g) = (5 kg)(4.0 + 9.8) m/s” = 69 N 


THIRD LAW OF MOTION 


According to Newton’s third law of motion, when one body exerts a force on another body, the second body 
exerts an equal force in the opposite direction on the first body. 

The third law of motion applies to two different forces on two different bodies: the action force one body 
exerts on the other, and the equal but opposite reaction force the second body exerts on the first. Action and 
reaction forces never balance out because they act on different bodies. 


SOLVED PROBLEM 5.20 


A book rests on a table. (a) Show the forces acting on the table and the corresponding reaction forces. 
(b) Why do the forces acting on the table not cause it to move? 


(a) See Fig. 5-5. 


(b) The forces that act on the table have a vector sum of zero, so there is no net force acting on it. 
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Reaction force of 
table on book 


Force of book 
on table 


/ 


ees Reaction forces of ie 5 


floor on table 


/ ——__ Forces of table -] 


on floor 


Fig. 5-5 


SOLVED PROBLEM 5.21 
In the process of walking, what force makes a person move forward? 


The person’s foot exerts a backward force on the ground; the forward reaction force of the ground on the foot 
produces the forward motion. 


SOLVED PROBLEM 5.22 


A 2-kg block A and a 3-kg block B are in contact on a frictionless table, as in Fig. 5-6. A horizontal force 
of 10 N is applied to A. Find the force with which B resists the pressure of A on it. 


Fig. 5-6 


The blocks have the same acceleration of 


F 10N 


= = 2 m/s* 
matmg 2kg+3kg : 


To give B this acceleration, the force that A exerts on B must be F'4g = mga. The reaction force Fg, has the same 
magnitude but the opposite direction, so 


Fg, = —Fag = —mga = —(3 kg)(2 m/s”) = -6N 


APPARENT WEIGHT 


The actual weight of a body is the gravitational force that acts on it. The body’s apparent weight is the force the 
body exerts on whatever it rests on. Apparent weight can be thought of as the reading on a scale a body is placed 
on. Figure 5-7 shows a woman whose actual weight is 700 N who is standing on a scale in an elevator. When 
the elevator’s upward acceleration is a, the magnitude of the upward force F on her is the sum of her actual 
weight mg and the force ma that is accelerating her upward, so F = mg + ma. Her apparent weight Wapp is the 
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reaction force to F: 
Wapp = Ng + ma 


Apparent weight = Actual weight + accelerating force 


At rest or Upward Downward 
constant velocity acceleration acceleration 


Fig. 5-7 


If a is positive, corresponding to an upward acceleration, Wap) > mg, and the scale reading will be greater than 
the person’s 700-N actual weight. If a is negative, corresponding to a downward acceleration, Wap) < mg, and 
the scale reading will be less than 700 N. If the cable that supports the elevator breaks and the elevator falls 
freely, a = —g, and Wap) = mg — mg = 0; the woman is “weightless.” When the elevator is at rest or moving 
at constant speed up or down, a = 0 and Wapp = mg. 


SOLVED PROBLEM 5.23 
The scale in the elevator of Fig. 5-7 reads 600 N. Find the elevator’s acceleration. 
Here Wapp < mg, So the elevator’s acceleration is downward. The person’s mass is 


700 N 
ne 5 =T1Akg 
& 9.8 m/s 


nm= 


From Wapp = mg + ma we have 
Wapp _ 600N 
m © TiAkg 


9.8 m/s? = (8.4 — 9.8) m/s? = —1.4 m/s” 


aS 


TWO AND THREE DIMENSIONS 


When the forces that act on a body do not all lie along the same straight line, vector methods are needed to 
analyze the situation. In component form, the second law of motion is 


F, = ma, 
Fy = may, 
F,= ma, 


where F = F, + F, + F, is the net force on a body and a = a, + a, + a, is its acceleration. The best way to 
orient the coordinate axes depends on the problem. Often forces involved lie in a plane, in which case only two 
force components and two acceleration components are needed. 


SOLVED PROBLEM 5.24 


A 60-kg sprinter presses down on the ground with a force of 1000 N at an angle of 30° with the horizontal 
at the start of a race. What is his forward acceleration as his legs straighten out? 
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Figure 5-8 is a free-body diagram of the sprinter. The upward reaction force Fy of the ground on the sprinter is 
equal and opposite to the downward force w of the earth on him (which is his weight), so these forces cancel out. The 
net force on the sprinter is the reaction force F that the ground exerts on him in response to the pressure of his feet. 
The horizontal component F,, of this reaction force is what gives the sprinter his forward acceleration, where 


F, = F cos@ = (1000 N)(cos 30°) = 866 N 


The horizontal component of the sprinter’s acceleration is therefore 


F, 866 N 
a, = — = —— = 14 m/s’ 
m 60 kg 
(The net force F has a vertical component F,, that gives the sprinter a vertical acceleration. As a result he rises to a 
more erect posture as he accelerates away from the starting line.) 


F mi 


F, = F cos@ 


SOLVED PROBLEM 5.25 


A box is sliding down a frictionless ramp at an angle of 40° with the horizontal. What is the acceleration 
of the box? 


The net force on the box is the vector sum of the two forces shown in Fig. 5-9: 


The box’s weight of w = mg acting vertically downward. 


2. The reaction force Fy of the ramp on the box. This force acts perpendicular to the ramp because there is no 
friction present that might produce a force parallel to the ramp. The reaction force is equal in magnitude to wy. 


Fig. 5-9 


Since all we are concerned with here is motion along the ramp, which is the x axis in the figure, we can ignore 
the reaction force F,. The component of the box’s weight in the x direction is 


F=w, =wsind = mg sind 
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The acceleration of the box along the ramp is therefore 


F mgsin@ 
a= = 
m m 


= gsiné = (9.8 m/s’)(sin 40°) = 6.3 m/s? 


SOLVED PROBLEM 5.26 


5.1. 


5.2. 


5.3. 


5.4. 


5.5. 


5.6. 


A force parallel to the ramp of what magnitude is needed to pull a 50-kg box up a frictionless ramp at an 
angle of 25° with the horizontal so that the box has an acceleration of 3 m/s”? 


To give the box an upward acceleration of a, along the ramp, the applied force F must exceed the component 
w, parallel to the plane of the box’s weight w by the amount ma,. From Fig. 5-9, w, = w sin@ = mg sin@, so 


F = mg sin@ + ma, = m(g sin@ + a,) = (50 kg)[(9.8 m/s”) (sin 25°) + 3 m/s?] = 357 N 


Multiple-Choice Questions 


Compared with her mass and weight on Earth, an astronaut on Venus, where the acceleration of gravity is 8.8 m/s”, 
has 


(a) less mass and less weight 

(b) less mass and the same weight 
(c) less mass and more weight 

(d) the same mass and less weight 


A car towing a trailer is accelerating on a level road. The car exerts a force on the trailer whose magnitude is 


(a) the same as that of the force the trailer exerts on the car 
(b) the same as that of the force the trailer exerts on the road 
(c) the same as that of the force the road exerts on the trailer 
(d) greater than that of the force the trailer exerts on the car 


In Newton’s third law of motion the action and reaction forces 


(a) act on the same object 

(b) act on the different objects 

(c) do not necessarily have the same magnitude and do not necessarily have the same line of action 
(d) have the same magnitude but do not necessarily have the same line of action 


A jumper of weight w presses down on the floor with a force of magnitude F’, and the jumper leaves the floor as a 
result. The force the floor exerted on the jumper must have had a magnitude 


(a) equal to w and less than F 
(b) equal to w and equal to F 

(c) more than w and equal to F 
(d) more than w and more than F 


A force of 1.0 N acts on a 1.0-kg object that can move freely. The object’s acceleration is 
(a) 0.102 m/s? (c)_ 1.0 m/s? 
(b) 0.5 m/s? (d) 9.8 m/s? 
A force of 1.0 N acts on a 1.0-N object that can move freely. The object’s acceleration is 


(a) 0.102 m/s? (c)_:1.0 m/s? 
(b) 0.5 m/s? (d) 9.8 m/s? 
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5.7. 


5.8. 


5.9. 


5.10. 


5.11. 


5.12. 


5.13. 


5.14. 


5.15. 


5.1. 


5.2. 


A force of 1.0 Ib acts on a 1.0-slug object that can move freely. The object’s acceleration is 


(a) 0.031 ft/s? (c) 1.0 ft/s? 
(b) 0.5 ft/s? (d) 32 ft/s? 


A force of 1.0 Ib acts on a 1.0-Ib object that can move freely. The object’s acceleration is 


(a) 0.031 ft/s? (c) 1.0 ft/s? 
(b) 0.5 ft/s? (d) 32 ft/s? 


Four hundred grams of salami weighs 
(a) 0.041N  (c) 400N 
(b) 3.9N (d) 3.9kN 


A force that gives a 2.0-kg object an acceleration of 1.6 m/s” would give an 8.0-kg object an acceleration of 


(a) 0.2m/s? (c) 1.6 m/s? 
(b) 0.4m/s? (d) 64 m/s? 


A 20-kg crate is lifted by an upward force of 200 N. The crate’s upward acceleration is 


(a) 0.20m/s2 (c) 10 m/s? 
(b) 9 m/s? (d) 98 m/s? 


A vehicle slows down from 50 to 15 ft/s in 10 s when its brakes exert a force of 200 Ib on it. The vehicle weighs 
approximately 

(a) 57 1b (c) 1830 1b 

(b) 5601b  (d) 22,400 lb 


A bicycle and its rider together have a mass of 80 kg. If the bicycle’s velocity is 6 m/s, the force needed to bring it to 
a stop in 4s is 


(a) 12N- (ec) 120N 

(b) 53N  (d) 1176N 

A 5.0-kg object, initially at rest, is acted on by a net force of 3.0 N for 3.0 s. During that time the object moves 

(a) 0.3m (c) 1.8m 

(b) 0.9m (d) 2.7m 

A 300-g ball at rest is struck with a bat with a force of 150 N. If the bat was in contact with the ball for 0.020 s, the 
ball’s velocity is 


(a) 0.01 m/s (c) 2.5 m/s 
(b) 0.1 m/s (d) 10m/s 


Supplementary Problems 


Since action and reaction forces are always equal in magnitude and opposite in direction, how can anything ever be 
accelerated? 


A horse is pulling a cart. (a) What is the force that causes the horse to move forward? (b) What is the force that causes 
the cart to move forward? 
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Is it possible for something to have a downward acceleration greater than g? If so, how can this be accomplished? 


(a) When a horizontal force equal to its weight is applied to an object on a frictionless surface, what is its acceleration? 
(b) What is its acceleration when the force is applied vertically upward? 


Compare the tension in the coupling between the first two cars in a train with the tension in the coupling between the 
last two cars when (a) the train’s speed is constant and (b) the train is accelerating. 


(a) What is the weight of 6 kg of potatoes? (b) What is the mass of 6 N of potatoes? 
A force of 10 N is applied to (a) a body of mass 5 kg and (b) a body of weight 5 N. Find their accelerations. 
(a) What is the weight of 2 slugs of salami? (b) What is the mass of 2 Ib of salami? 


(a) How much upward force is needed to support a 20-kg object at rest? (b) To give it an upward acceleration of 
2 m/s*? (c) To give it a downward acceleration of 2 m/s”? 


What is the acceleration of a 5-kg object suspended by a string when an upward force of (a) 39 N, (b) 49 N, and (c) 59 
N is applied to the string? 


How much applied force is needed to give an 8-N object (a) an upward acceleration of 2 m/s? and (b) a downward 
acceleration of 2 m/s”? (c) In what direction must the latter force act? 


A net force of 12 N gives an object an acceleration of 4 m/s”. (a) What net force is needed to give it an acceleration 
of 1 m/s*? (b) An acceleration of 10 m/s? 


A certain net force gives a 2-kg object an acceleration of 0.5 m/s”. What acceleration would the same force give a 
10-kg object? 


A 12,000-kg airplane launched by a catapult from an aircraft carrier is accelerated from 0 to 200 km/h in 3 s. (a) How 
many times the acceleration of gravity is the airplane’s acceleration? (b) What is the average force that the catapult 
exerts on the airplane? 


When a 5-k¢g rifle is fired, the 9-g bullet receives an acceleration of 3 x 10* m/s? while it is in the barrel. (2) How 
much force acts on the bullet? (b) Does any force act on the rifle? If so, how much and in what direction? (c) The 
bullet is accelerated for 0.007 s. How fast does it leave the barrel of the rifle? 


How much force is needed to accelerate a train whose mass is 1000 metric tons (1 metric ton = 1000 kg) from rest 
to a velocity of 6 m/s in 2 min? 


(a) How much force is needed to increase the velocity of a 6400-Ib truck from 20 to 30 ft/s in 5 s? (b) How far does 
the truck travel in this time? 


(a) How much force is needed to decrease the velocity of a 6400-Ib truck from 30 to 20 ft/s in 5 s? (b) How far does 
the truck travel in this time? 


A car strikes a stone wall at a velocity of 12 m/s. (a) The car is rigidly built, and the 60-kg driver comes to a stop in 
a time of 0.05 s. How much force acts on her? (b) The car is built so that its front end collapses gradually, and the 
driver comes to a stop in 0.2 s. How much force acts on her in this case? 


A 0.05-kg snail goes from rest to a velocity of 0.01 m/s in 5 s. (a) How much force does it exert? (b) How far does it 
go during this time? 


A 430-g soccer ball moving toward a player at 8 m/s is kicked and flies off in the opposite direction at 12 m/s. If the 
ball is in contact with the player’s foot for 0.01 s, find the average force on the ball. 
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5.22. 


5.23. 


5.24. 


5.25. 


5.26. 


5.27. 


5.1. 


5.2. 


5.3. 


5.4. 


5.5. 


5.6. 


5.7. 


5.8. 


5.1. 


5.2. 


5.3. 


5.4. 


5.5. 


The cable supporting a 2000-kg elevator can safely withstand a tension of 25 kN. What is the maximum upward 
acceleration the elevator can have if the tension in the cable is not to exceed this figure? 


An 800-N man stands on a scale in an elevator. What does the scale read when the elevator is (a) ascending at a 
constant velocity of 3 m/s, (b) ascending at a constant acceleration of 0.8 m/s”, (c) descending at a constant velocity 


of 3 m/s, (d) descending at a constant acceleration of 0.8 m/s”, and (e) in free fall because the cable has broken? 


An 80-kg woman stands on a scale in an elevator. When it starts to move, the scale reads 700 N. (a) Is the elevator 
moving upward or downward? (b) Is its velocity constant? If so, what is it? If not, what is the elevator’s acceleration? 


Two boxes, one of mass 20 kg and the other of mass 30 kg, are sliding down a frictionless inclined plane that makes 
an angle of 25° with the horizontal. Find their respective accelerations. 


A force of 50 Ib is used to pull a 50-Ib crate up a frictionless plane that is inclined at 30° with the horizontal. Find the 
acceleration of the crate. 


An 800-kg car is towed up an 8° hill by a rope attached to a truck. The tension in the rope is 2000 N, and there is no 
frictional resistance to the car’s motion. How much time is needed to tow the car for 50 m starting from rest? 


Answers to Multiple-Choice Questions 


(d) 5.9. (b) 


(a) 5.10. (b) 
(b) 5.1L. (a) 
(c) 512 () 
(c) 5.13. (©) 


(d) 5.14. (d) 
(c) 5.15. (d) 


(d) 


Answers to Supplementary Problems 


The action and reaction forces always act on different bodies. 

(a) The reaction force the ground exerts on its feet. (b) The force the horse exerts on it. 
Yes, by an applied downward force in addition to the downward force of gravity. 

() g ) 0 


(a) The tensions are the same. 


(b) The front coupling is under the greater tension because it has a larger mass behind it to accelerate. 
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5.25. 
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(a) 59N (b) 0.61 kg 

(a) 2m/s? (b) 19.6 m/s” 

(a) 64lb  (b) 0.0625 slug 

(a) 196N (6) 236N~ (c) I56N 

(a) 2m/s? downward (b) O (ce) 2 m/s? upward 
(a) 963N  (b) 637N (c) Upward 

(a) 3N  (b) 30N 

0.1 m/s” 

(a) 189g (b) 222kN 

(a) 270N  (b) 270Nbackward (c) 210 m/s 
5x 10*N 

(a) 400lb (b) 125ft 

(a) 400lb (b) 125ft 

(a) 144kN (6) 3.6kN 

(a) 10-*N ~ (6) 0.025m 

860 N 

2.7 m/s” 

(a) 800N (b) 865N (c) 800N (d) 735N 
(a) Downward (b) No; 1.05 m/s? 

4.14 m/s”; 4.14 m/s? 

16 ft/s? 


9458 


[CHAP. 5 


CHAPTER 6 


Friction 


STATIC AND KINETIC FRICTION 


Frictional forces act to oppose relative motion between surfaces that are in contact. Such forces act parallel to 
the surfaces. 

Static friction occurs between surfaces at rest relative to each other. When an increasing force is applied to 
a book resting on a table, for instance, the force of static friction at first increases as well to prevent motion. In 
a given situation, static friction has a certain maximum value called starting friction. When the force applied to 
the book is greater than the starting friction, the book begins to move across the table. The kinetic friction (or 
sliding friction) that occurs afterward is usually less than the starting friction, so less force is needed to keep the 
book moving than to start it moving (Fig. 6-1). 


A 
Starting 
friction 
Frictional Static A Kinetic friction 
force friction 


Motion 
begins 


Applied force 


Fig. 6-1 


COEFFICIENT OF FRICTION 


The frictional force between two surfaces depends on the normal (perpendicular) force N pressing them together 
and on the natures of the surfaces. The latter factor is expressed quantitatively in the coefficient of friction ju (Greek 
letter mu) whose yalue depends on the materials in contact. The frictional force is experimentally found to be 


Fr < psN Static friction 
Fr = xN Kinetic friction 


where the symbol < means “less than or equal to.” In the case of static friction, Fy increases as the applied 
force increases until the limiting value of j1;N is reached. Thus when there is no motion, js N gives the starting 
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frictional force, not the actual frictional force. Up to yz, N, the actual frictional force Fy has the same magnitude 
as the applied force but is in the opposite direction. 

When the applied force exceeds the starting frictional force jz; N, motion begins and now the coefficient of 
kinetic friction jz, governs the frictional force. In this case jz, N gives the actual amount of F’;, which no longer 
depends on the applied force and is constant over a fairly wide range of relative velocities. 


ROLLING FRICTION 


Ideally there should be no rolling friction, because there should be no relative motion between the surfaces in 
contact. In reality, a wheel or ball is slightly flattened when it rests on a surface, which itself is slightly dented. A 
resistive force arises when the wheel or ball rolls, partly because it and the surface must be continually deformed 
and partly because there is some relative motion between them owing to the deformation. Coefficients of rolling 
friction 4, are nevertheless much smaller than those of kinetic friction: For a rubber tire rolling on a concrete 
road j2, is about 0.04, for instance, whereas it is 0.7 for the same tire sliding on the road. 


SOLVED PROBLEM 6.1 


How much force is needed to keep a 1200-kg car moving at constant velocity on a level concrete road? 
Assume that the car is moving too slowly for air resistance to be important, and use jz, = 0.04 for the 
coefficient of rolling friction. 


The normal force here is the car’s weight mg, because weight is a force that acts vertically downward. Hence 


F = Fy = uN = pymg = (0.04)(1200 kg)(9.8 m/s”) = 470 N 


SOLVED PROBLEM 6.2 


A force of 200 N is just sufficient to start a 50-kg steel trunk moving across a wooden floor. Find the 
coefficient of static friction. 


The normal force is the trunk’s weight mg. Hence 
F F 200 N 


Hs NF mg  (50kg)(9.8 m/s’) 


0.41 


SOLVED PROBLEM 6.3 


A 40-kg wooden crate is being pushed across a wooden floor with a force of 160 N. If 4, = 0.3, find the 
acceleration of the crate. 


The applied force F, = 160 N is opposed by the frictional force 
Fy = N = tymg = (0.3)(40 kg)(9.8 m/s”) = 118 N 
The net force on the crate is therefore 
F = F,—F; = 160N—118N=42N 


and its acceleration is 


SOLVED PROBLEM 6.4 


A bowling ball with an initial velocity of 3 m/s rolls along a level floor for 50 m before coming to a stop. 
What is the coefficient of rolling friction? 
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We begin by finding the ball’s acceleration. From Chapter 3, v? = vg + 2as. Here v = 0, v9 = 3 m/s, and 
s = 50m, and so 


2) 2 
pote a phos 
2s (2)(50m) 


The force that corresponds to this acceleration is ma, which is equal and opposite to the frictional force ,N = bmg. 
Hence 


ma = —[L,mg by = — = 0.0092 


SOLVED PROBLEM 6.5 


The coefficient of kinetic friction between a rubber tire and a wet concrete road is 0.5. (a) Find the 
minimum time in which a car whose initial velocity is 50 km/h can come to a stop on such a road. (b) 
What distance will the car cover in this time? 


(a) The maximum available frictional force is u,N = xmg, and so 


Fy = mg = —ma 
a = —[eg = —(0.5)(9.8 m/s”) = —4.9 m/s? 


=) (= m/km 


H ail ge 
= ms (so h 3600 s/h 


) = 13.9 m/s 


and the final velocity of the car is vy = 0. Hence 
v=vtat=0 Vo = —at 


and the time required for the car to come to a stop is 


13. 
pee aig 
a —4.9 m/s? 


(b) The distance covered by the car in coming to a stop is 
s = vot + sat? = (13.9 m/s)(2.84 s) + (5) (—4.9 m/s?) (2.84 s)? = 19.7m 
Another way to obtain this result is to use the formula v* = v5 + 2as. Here v = 0, so 


2 1 ; 2 
eee Sy aa 
2a (2)(—-4.9 mis?) 


SOLVED PROBLEM 6.6 


A block at rest on an adjustable inclined plane begins to move when the angle between the plane and the 
horizontal reaches a certain value 6, which is known as the angle of repose. How is this angle related to 
the coefficient of static friction between the block and the plane? 


The weight w of the block can be resolved into a component F,, parallel to the plane and another component N 
perpendicular to the plane. From Fig. 6-2 the magnitudes of F,, and N are 
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Fig. 6-2 


Fy, = w sing N =wcosé 


When the block just begins to move, the downward force along the plane F,,, must be equal to the maximum force 
LL;N of static friction, so 


y= LsN 
w sind = ,w cosé 
sin@ 
b= = tand 
cos 0 


Thus the coefficient of static friction equals the tangent of the angle of repose. The weight of the block has no 
significance here. 


SOLVED PROBLEM 6.7 


A lathe mounted on wooden skids is to be slid down a pair of planks placed against the back of a truck. 
(a) If the coefficient of friction is 0.28, what angle should the planks make with the ground in order for 
the lathe to slide down at constant velocity? (b) When the planks are at this angle, will the lathe start to 
slide down of its own accord? 


(a) When the lathe moves at constant velocity, there is no net force on it, according to Newton’s first law of motion. 
The downward force due to the lathe’s weight therefore exactly balances the retarding force of sliding friction, 
and by the reasoning of Prob. 6.6, 


tan@ = pu, = 0.28 6 = 16° 


(b) Since the coefficient of static friction exceeds that of sliding friction, the lathe will have to be given a push to 
start it moving. 


SOLVED PROBLEM 6.8 


A woman whose shoes have leather soles and heels is able to stand without slipping on a wooden surface 
that makes an angle of 25° with the horizontal. What is the minimum coefficient of static friction for 
leather on wood? 


Since the angle of repose is at least 25°, 
[ls = tan25° > 0.47 


where the symbol > means “greater than or equal to.” 


SOLVED PROBLEM 6.9 


A 5000-ton ship rests on launching ways that slope down to the water at an angle of 10°. If the coefficient 
of sliding friction is 0.18, how much force is needed to winch the ship down the ways into the water? 
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6.2. 


6.3. 


6.4. 


6.5. 


6.6. 


6.7. 


The frictional force to be overcome is 
F, = uN = pw cos = (0.18)(5000 tons)(cos 10°) = 886 tons 
The component of the ship’s weight parallel to the ways is 
F,, =w sin@ = (5000 tons) (sin 10°) = 868 tons 
Therefore an additional force of 
F, — Fy, = 886 tons — 868 tons = 18 tons 


is required. 


Multiple-Choice Questions 


Relative to the force needed to keep a box moving at constant velocity across a floor, to start the box moving usually 
needs 


(a) less force 

(b) the same force 

(c) more force 

(d) any of the above, depending on the natures of the surfaces in contact 


When two surfaces are in contact, the frictional force between them depends on which one or more of the following? 


(a) the normal force pressing one surface against the other 
(b) the areas of the surfaces 

(c) whether the surfaces are stationary or in relative motion 
(d) whether a lubricant is used or not 


A brick has the dimensions 8 cm x 16 cm x 32 cm. The force of starting friction between the brick and a wooden 
floor is 


(a) amaximum when the brick rests on the 8 cm x 16 cm face 
(b) amaximum when the brick rest on the 8 cm x 32 cm face 
(c) amaximum when the brick rests on the 16 cm x 32 cm face 
(d) the same regardless of which face it rests on 


The coefficient of kinetic friction between two oiled steel surfaces is 


(a) 0.03 (c) 0.03 N/kg 
(b) 0.03N (d) 0.03 kg/N 


A 60-N force is needed to start a 60-kg skater moving across a frozen lake. The coefficient of static friction for steel 
on ice is approximately 


(a) 0.06 (c) 06 
(b) 0.1 (d) 1 


The coefficient of static friction for wood on concrete is 0.6. The force needed to set a 40-kg crate in motion on a 
concrete floor is 


(a) 2.4N (c) 235N 
(b) 24N (d) 653N 


A 153-kg engine on wooden skids is resting on a level floor. The coefficients of static and kinetic friction are, 
respectively, 0.5 and 0.4. When two men push on the engine with a total horizontal force of 500 N, the frictional force 
that acts on the skids is 
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(a) 500N (c) 750N 
(b) 600N (d) 1500N 


The coefficient of static friction between a car’s tires and a level road is 0.80. If the car is to be stopped in a maximum 
time of 3.0 s, its speed cannot exceed 


(a) 24m/s (c) 7.8m/s 
(b) 26m/s  (d) 23.5 m/s 


A force applied to a 50-kg box on a level floor is just enough to start it moving. The coefficients of static and kinetic 
friction are, respectively, 0.5 and 0.3. If the same force continues to be applied to the box, it will have an acceleration 
of approximately 


(a) 2m/s2 (c) 4 m/s? 
(b) 3m/s? (d) Sm/s? 


After descending a slope, a skier coasts on level snow for 20 m before coming to a stop. If the coefficient of friction 
between skis and snow is 0.05, the skier’s speed at the foot of the slope was 


(a) 3.1 m/s (c) 6.3 m/s 
(b) 4.4 m/s (d) 19.6 m/s 


Supplementary Problems 


Ships are often built on ways that slope down to a nearby body of water. Often a ship is launched before most of its 
interior and superstructure have been installed, and is completed when afloat. Is this done because the added weight 
would cause the ship to slide down the ways prematurely? 


A box is being pushed across a floor. Can the frictional force on the box ever exceed its own weight? Can the frictional 
force ever exceed the applied force? 


An 80-lb wooden crate rests on a horizontal wooden floor. If the coefficient of static friction is 0.5, how much force 
is needed to set the crate in motion? 


A force of 300 N is sufficient to keep a 100-kg wooden crate moving at constant velocity across a wooden floor. What 
is the coefficient of kinetic friction? 


A force of 1000 N is applied to a 1200-kg car. If the coefficient of rolling friction is 0.04, what is the car’s acceleration? 


The coefficients of static and kinetic friction for stone on wood are, respectively, 0.5 and 0.4. Ifa 150-kg stone statue is 
pushed with just enough force to start it moving across a wooden floor and the same force continues to act afterward, 
find the statue’s acceleration. 


A car whose brakes are locked skids to a stop 70 m from an initial velocity of 80 km/h. Find the coefficient of kinetic 
friction. 


A driver sees a horse on the road and applies the brakes so hard that they lock and the car skids to a stop in 24 m. The 
road is level, and the coefficient of kinetic friction between tires and road is 0.7. How fast was the car going when the 
brakes were applied? 


A truck moving at 100 km/h carries a steel girder that rests on its wooden floor. What is the minimum time in which 
the truck can come to a stop without the girder moving forward? The coefficient of static friction between steel and 
wood is 0.5. 
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A car with its brakes locked will remain stationary on an inclined plane of dry concrete when the plane is at an angle 
of less than 45° with the horizontal. What is the coefficient of static friction of rubber tires on dry concrete? 


A steel ramp is to be built for sliding blocks of ice from a refrigeration plant down to ground level. If 44 = 0.05, find 
the angle with the horizontal at which the ice will slide at constant velocity. 


A box slides down a plane 8 m long that is inclined at an angle of 30° with the horizontal. If the box starts from rest 
and jz = 0.25, find (a) the acceleration of the box, (b) its velocity at the bottom of the plane, and (c) the time required 


for it to reach the bottom. 


If the box of Prob. 6.10 has a mass of 60 kg, how much force is needed to move it up the plane (a) at constant velocity 
and (b) with an acceleration of 2 m/s”? 


A skier stands on a 5° slope. If the coefficient of static friction is 0.1, does the skier start to slide down? 


Answers to Multiple-Choice Questions 


(c) 6.6. (c) 


(a), (c), (d) 6.7. (a) 


(d) 6.8. (d) 
(a) 6.9. (a) 
(b) 6.10. (b) 


Answers to Supplementary Problems 


No. The frictional force that prevents the ship from sliding down the ways increases in proportion as the ship’s weight 
increases. 


Yes; no 6.9. 5.678 

40 lb 6.10. 1.0 

0.306 6.11. 3° 

0.44 m/s? 6.12. (a) 2.78 m/s* (b) 6.67m/s_ (c) 2.408 
0.98 m/s? 6.13. (a) 421N (b) 541N 

0.36 6.14. No 


18 m/s = 65 km/h 


Energy 


WORK 


Work is a measure of the amount of change (in a general sense) that a force produces when it acts on a body. The 
change may be in the velocity of the body, in its position, in its size or shape, and so forth. 

By definition, the work done by a force acting on a body is equal to the product of the force and the distance 
through which the force acts, provided that F and s are in the same direction. Thus 


W= Fs 
Work = (force) (distance) 


Work is a scalar quantity; no direction is associated with it. 
If F and s are not parallel but F is at the angle 6 with respect to s, then 


W = Fscos 0 


Since cos 0 = 1, this formula becomes W = F's when F is parallel to s. When F is perpendicular to s, 9 = 90° 
and cos 90° = 0. No work is done in this case (Fig. 7-1). 
The unit of work is the product of a force unit and a length unit. In SI units, the unit of work is the joule (J). 


SI units : 1 joule (J) = 1 newton-meter = 0.738 ft-lb 


British units : 1 foot-pound (ft-lb) = 1.36 J 
_ 


s 5 
W = Fs cos0 = Fs W = Fs cos 90° =0 


Fig. 7-1 


SOLVED PROBLEM 7.1 


A horizontal force of 420 N is used to push a crate for 5 m across a level warehouse floor. How much 
work is done? 
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The mass of the crate does not matter here. Since the force is parallel to the displacement, 


W = Fs = (420N)(5m) = 2100J = 2.1kJ 


SOLVED PROBLEM 7.2 


The 420-N force of Prob. 7.1 is instead exerted on the crate at an angle of 35° above the horizontal. How 
much work is done now? 


W = Fs cos 6 = (420 N)(5 m)(cos 35°) = 1920 J = 1.92 kJ 


SOLVED PROBLEM 7.3 


A 60-kg box is pushed 12 m across a horizontal floor by a horizontal force of 200 N. The coefficient 


of kinetic friction is 0.3. (a) How much work went into overcoming friction and (b) how much into 
accelerating the box? 


(a) The frictional force to be overcome is 
Fy = 14N = ymg = (0.3)(60 kg)(9.8 m/s”) = 176 N 
The work done opposing friction is therefore 
Wy = Frys = (176 N)(12 m) = 2112J 
(b) The remainder AF of the applied force goes into accelerating the box. Since 
AF = F — F; = 200N—176N=24N 
the work done in accelerating the box is 


W, = (AF)s = (24N)(12 m) = 288 J 


SOLVED PROBLEM 7.4 
How much work is done in raising a 2-kg book from the ground to a height of 1.8 m? 


The force needed to raise the book is equal to its weight mg. This force acts parallel to the displace- 
ment of the book, where s = h, so 


W = Fs =mgh = (2 kg)(9.8 m/s”)(1.8 m) = 35 J 


SOLVED PROBLEM 7.5 
How much work is done in raising a 2000-Ib elevator through a height of 80 ft? 


The force here equals the elevator’s weight w. Hence, 


W = Fs = wh = (2000 lb)(80 ft) = 1.6 x 10° ft-lb 


SOLVED PROBLEM 7.6 
In raising a 200-kg bronze statue 10,000 J of work is performed. How high is it raised? 
Since W = Fs = mgh, 


W 1x 10*J = 
mg (200 kg)(9.8 m/s*) 


h= lm 
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SOLVED PROBLEM 7.7 


The identical 65-kg twins Alpha and Beta climb a mountain 3800 m high. Alpha follows a trail that 
averages 20° above the horizontal, while Beta follows a different trail that averages 30° above the 
horizontal. How much work does each twin do? 


In each case the height through which the twins raise their bodies is h = 3800 m. The exact route they follow 
is irrelevant here. Hence each twin does the work 


W = Fs =mgh = (65 kg)(9.8 m/s”)(3800 m) = 2.42 x 10° J = 2.42 MJ 


POWER 


Power is the rate at which work is done by a force. Thus 


PS — 
t 


work done 
Power = ———_ 
time 


The more power something has, the more work it can perform in a given time. 
Two special units of power are in wide use, the SI watt and the British horsepower, where 


1 watt (W) = 1 J/s = 1.34 x 1073 hp 
1 horsepower (hp) = 550 ft-lb/s = 746 W 


A kilowatt (kW) is equal to 10° W, or 1.34 hp. A kilowatthour is the work done in 1 h by an agency whose power 
output is 1 kW; hence 1 kWh = (1000 W)(3600 s) = 3.6 x 10° J. 

When a constant force F does work on a body that is moving at the constant velocity v, if F is parallel to v 
the power involved is 


W Fs 
PS 
t 
because s/t = v. That is, 
P=Fy 


Power = (force) (velocity) 


EFFICIENCY 


The efficiency, abbreviated Eff, of a system of some kind that takes power from a source and transmits it elsewhere 
is given by the ratio between the power output of the system Poy and its power input Pin: 

Pout 

Pj 


Eff = 


An example of such a system is the winding drum of a hoist, which takes power from the rotating shaft of a 
motor and delivers it through a linear pull on an object being raised. 


SOLVED PROBLEM 7.8 
A 40-kg woman runs up a staircase 4 m high in 5 s. Find her minimum power output. 
The minimum downward force the woman’s legs must exert is equal to her weight mg. Hence 


pW _ Fs _mgh _ (40 kg)(9.8 m/s?)(4 m) 
pect of t t 5s 


=314W 
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SOLVED PROBLEM 7.9 


A man uses a horizontal force of 200 N to push a crate up a ramp 8 m long that is 20° above the horizontal. 
(a) How much work does the man perform? (b) If the man takes 12 s to push the crate up the ramp, what 
is his power output in watts and in horsepower? 


(a) W = Fs cos 6 = (200 N)(8 m)(cos 20°) = 1504 J 
Ww 1504 

(b) ps PO a sosay 
t 12s 


Since 1 hp = 746 W, 


SOLVED PROBLEM 7.10 


A hoist powered by a 10-kW motor is used to raise a bucket filled with concrete and having a total mass 
of 500 kg to a height of 80 m. If the efficiency of the hoist is 80 percent, find the time needed. 


The upward force required is equal to the bucket’s weight mg. The power available is 
Pou = (Eff) Pin = (0.8)(10 kW) = 8 kW = 8000 W 
Since P = W/t = Fs/t, here 


Fs _mgh _ (500kg)(9.8 m/s”)(80 m) _ 


_— — 49s 
P P 8000 W 

SOLVED PROBLEM 7.11 

A horse has a power output of 1 kW when it pulls a wagon with a force of 400 N. What is the wagon’s 

velocity? 

Since P = Fy, 
P1000 W 
v= F = Goon = 2.5 m/s 

SOLVED PROBLEM 7.12 


A motorboat requires 60 kW to move at the constant velocity of 4.5 m/s. How much resistive force does 
the water exert on the boat at this velocity? 


Since P = Fy, 


P 6x 104W 
F=—= 


= —_——__ =]. 10* N = 13.3 kN 
eA Sans eta 30 


SOLVED PROBLEM 7.13 


A 2400-lb car ascends a 10° slope at 30 mi/h. If the overall efficiency is 70 percent, what is the power 
output of the car’s engine? 


From Fig. 7-2 the weight w of the car has a component F along the slope of magnitude 


F =w sin @ = (2400 Ib)(sin 10°) = 417 Ib 
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The force supplied by the car’s engine must equal this amount. The car’s velocity is 


. ft/s 
v = (30 mi/h) | 1.47 —— }) = 44 ft/s 
mi/h 


and so, from P = Fv, the required power at 100 percent efficiency is 
Poutput = Fv = (417 lb) (44 ft/s) = 1.835 x 104 ft-b/s 


Since 1 hp = 550 ft-Ib/s, 
1.835 x 104 ft-lb/s 


output = = 33.4h 
tpat = “550 (ft-Ib/s)/hp P 
Because efficiency = Poutput/ Pinput, at 70 percent efficiency, 
33.4 hp 
‘put = ————- = 47.7h 
pat = 070 ‘ 


F=w sin 8 


Fig. 7-2 


ENERGY 


[CHAP. 7 


Energy is that property something has which enables it to do work. The more energy something has, the more 
work it can perform. Every kind of energy falls into one of three general categories: kinetic energy, potential 


energy, and rest energy. 


The units of energy are the same as those of work, namely, the joule and the foot-pound. 


KINETIC ENERGY 


The energy a body has by virtue of its motion is called kinetic energy. If the body’s mass is m and its velocity is 


v, its kinetic energy is 


Kinetic energy = KE= 5mv 


SOLVED PROBLEM 7.14 
Find the energy of a 1000-kg car whose velocity is 20 m/s. 


KE = Smv? = (4)(1000 kg)(20 m/s)? = 2 x 10° J 


SOLVED PROBLEM 7.15 
What velocity does a 1-kg object have when its kinetic energy is | J? 


Since KE = smv? and 1 J= 1 N-m = 1(kg-m/s”) (m) = | kg-m?/s?, 


/2 
v= PUY PUD a orale tials 
m 1kg 
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SOLVED PROBLEM 7.16 
A 128-lb woman skates at a velocity of 15 ft/s. What is her kinetic energy? 


The woman’s mass is m = w/g = 128 Ib/32 ft/s? = 4 slugs, and so her kinetic energy is 


KE = mv? = (4)(4 slugs)(15 ft/s) = 450 ft-lb 


SOLVED PROBLEM 7.17 


A hammer with a 1.5-kg head is used to drive a nail into a wooden board. If the hammerhead is moving 
at 3 m/s when it strikes the nail and the nail moves 10 mm into the board, find the average force the 
hammerhead exerts on the nail. 


The kinetic energy of the hammerhead is entirely converted into work done in driving the nail through the 
distance s = 10 mm = 0.01 m. To find the force F exerted on the nail, we proceed as follows: 


KE of hammerhead = work done on nail 


my? = Fs 


mv? _ (1.5 kg)(3 m/s)? 


F= — = 1350N = 1.35 kN 
2s (2)(0.01 m) 
SOLVED PROBLEM 7.18 
Find the power output of the engine of a 1200-kg car while the car accelerates from 30 to 100 km/h 
in 10s. 
Here 


km 1000 m/km 


km 1000 m/km 
2) apioe (eee sony 
. (100%) ( sia) ee 


The work the engine must do to accelerate the car from v, to v2 is equal to the change in the car’s KE, so 


W = KE) — KE, = }mv3 — imv? = im (v3 _ vi) 


2 2 
_ 1200kg 


[(27.78 m/s)? — (8.33 m/s)?] = 4.21 x 10° J 
The power needed to provide this amount of work in time tf = 10s is 


W 4.21 x 10°J 


Pia ea =41x10°*J=42.1kW 
t 10s 


which is equivalent to 


hp 
P = (42.1kW)( 1.342 ) =56.3h 
¢ i( =) P 


POTENTIAL ENERGY 


The energy a body has by virtue of its position is called potential energy. A book held above the floor has 
gravitational potential energy because the book can do work on something else as it falls; a nail held near a 
magnet has magnetic potential energy because the nail can do work as it moves toward the magnet; the wound 
spring in a watch has elastic potential energy because the spring can do work as it unwinds. 
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The gravitational potential energy of a body of mass m at a height h above a given reference level is 
Gravitational potential energy = PE = mgh 
where g is the acceleration of gravity. In terms of the weight w of the body, 


PE = wh 


SOLVED PROBLEM 7.19 


A 1.5-kg book is held 60 cm above a desk whose top is 70 cm above the floor. Find the potential energy 
of the book (a) with respect to the desk, and (b) with respect to the floor. 


(a) Here h = 60cm = 0.6m, so 
PE = mgh = (1.5 kg)(9.8 m/s”)(0.6 m) = 8.8 J 
(b) The book is h = 60 cm + 70 cm = 130 cm = 1.3 m above the floor, so its PE with respect to the floor is 


PE = mgh = (1.5 kg)(9.8 m/s”)(1.3 m) = 19.1 J 


SOLVED PROBLEM 7.20 


Compare the potential energy of a 1200-kg car at the top of a hill 30 m high with its kinetic energy when 
its velocity is 100 km/h (27.8 m/s). 


PE = mgh = (1200 kg)(9.8 m/s*)(30 m) = 3.5 x 10°J 


KE = $mv? = (4) (1200 kg)(27.8 m/s)? = 4.6 x 10° J 
The KE of the car at this velocity is greater than its PE at the top of the hill. This means that a crash at 100 km/h 
(62 mi/h) into a stationary obstacle will yield more work—that is, do more damage—than dropping the car from a 
height of 30 m (98 ft). 


SOLVED PROBLEM 7.21 


(a) A 125-lb woman jumps off a wall 3 ft high and lands on a concrete road with her knees stiff. Her 
body is compressed by 3 in. at the moment she hits the road. What is the average force exerted on her 
by the road? (b) If the woman bends her knees on impact so that she comes to a stop over a distance of 
12 in., what would the force on her be? 


(a) The woman’s potential energy with respect to the road is converted to work done on her body. Here s = 3 in. 
= 0.25 ft. Setting her initial PE equal to the work done, 


wh= Fs 
h 
a wh _ (125 Ib) (3 ft) = 1500 Ib 
s 0.25 ft 
(b) Nows = 12in. = 1 ft, and 
h 125 Ib) (3 ft 
pt oe ON 37s ih 


Ss 1 ft 


Clearly it is safer to land with bent knees rather than rigid knees after falling through even a short distance. 
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REST ENERGY 


According to Einstein’s theory of relativity, matter can be converted to energy and energy can be converted to 
matter. The rest energy of a body is the energy it has by virtue of its mass alone. Thus, mass can be regarded as 
a form of energy. The rest energy of a body is in addition to any KE or PE it might have. 

If the mass of a body is mo when it is at rest, its rest energy is 


Rest energy = Ey = mc? 


In this formula c is the velocity of light in free space, whose value is 
c = 3.00 x 10° m/s = 9.83 x 10° ft/s = 186,000 mi/s 


This book has a mass of roughly 1 kg. The rest energy of a 1-kg object is Ey = mc? = (1 kg)(3 x 10° m/s)? = 
9 x 10!° J, enough energy to send nearly a million tons to the moon. By contrast, the PE of this book on top 
of Mt. Everest is less than 10° J. All the energy-producing reactions of physics and chemistry involve the 
disappearance of a small amount of matter and its reappearance as energy. 


SOLVED PROBLEM 7.22 


Approximately 4 x 10° kg of matter is converted to energy in the sun each second. What is the power 
output of the sun? 


The energy produced by the sun per second is 
Ey = mc? = (4 x 10° kg)(3 x 108 m/s)” = 3.6 x 10°° J 
Hence the power output is 


Ey 3.6 x 10°] a 
S 


SOLVED PROBLEM 7.23 


How much mass is converted to energy per day in a nuclear power plant operated at a level of 100 MW 
(100 x 10° W)? 


There are 60 x 60 x 24 = 86,400 s/day, so the energy liberated per day is 


Eo = Pt = (10° W)(8.64 x 104s) = 8.64 x 107 J 


Since Ey = mc’, 


E 64 x 107 
gather! = 9.6 x 10-5 kg 
2 (3x 108 m/s) 


CONSERVATION OF ENERGY 


According to the law of conservation of energy, energy cannot be created or destroyed, although it can be 
transformed from one kind to another. The total amount of energy in the universe is constant. A falling stone 
provides a simple example: More and more of its initial potential energy turns to kinetic energy as its velocity 
increases, until finally all its PE has become KE when it strikes the ground. The KE of the stone is then transferred 
to the ground as work by the impact. 

In general, 


Work done on an object = change in object’s KE + change in object’s PE + work done by object 


Work done by an object against friction becomes heat, as discussed in later chapters. 
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SOLVED PROBLEM 7.24 


At her highest point, a girl on a swing is 7 ft above the ground, and at her lowest point she is 3 ft above 
the ground. What is her maximum velocity? 


The girl’s maximum velocity v occurs at the lowest point. Her kinetic energy there equals her loss of potential 
energy in descending through a height of h = 7 ft — 3 ft = 4 ft. Hence 


KE = PE 


ye ee 
zmv~ = mgh 


v = J/2¢h = ,/ (2)(32 ft/s*)(4 ft) = 256 ft/s = 16 ft/s 


This result is independent of the girl’s mass. 


SOLVED PROBLEM 7.25 


A man skis down a slope 200 m high. If his velocity at the bottom of the slope is 20 m/s, what percentage 
of his initial potential energy was lost due to friction and air resistance? 


Final KE — jmv?__ v2 (20 m/s)? 
Initial PEs mgh 


= = 5 = 0.102 = 10.2% 
2gh = (2)(9.8 m/s“) (200 m) 


which means 89.8 percent of the intial PE was lost. 


SOLVED PROBLEM 7.26 


A 30-kg crate is pulled up a ramp 15 m long and 2 m high by a constant force of 100 N. The crate starts 
from rest and has a velocity of 2 m/s when it reaches the top of the ramp. What is the frictional force 
between the crate and the ramp? 


According to conservation of energy, 


W = AKE+ APE+ Wy 


Work done by applied _ changeinKE | changein PE work done against 
force on crate ~ of crate of crate friction 


Since the length of the ramp is s = 15 m and its height is h = 2 m, 


W = Fs = (100 N)(15 m) = 1500J 
AKE = KEginat — KE initial = $77 = (4)(30 kg)(2 m/s)” = 60 J 


APE = PEgnal = PE initial => mgh => (30 kg) (9.8 m/s*)(2 m) = 588 J 
The work done against friction is therefore 
W; = W — AKE — APE = 1500J — 60 J — 588 J = 852 J 


If Fy is the frictional force, then Wy = Fs and 
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Multiple-Choice Questions 


Power can be expressed in 
(a) kg-m/s (c) N-m/s 
(b) Nm (d) N-m?/s? 


A woman presses against a wall with a force of 10 N for 10 min. The work she does is 


(a) 0 (c) 1224] 
(b) 200J (d) 12kJ 


To raise a 200-kg steel beam to a height of 10 m on a bridge being built requires work of 


(a) 2kJ (c) 19.6kJ 
(b) 10kJ (d) 98kJ 


A total of 15,000 ft-1b of work is used to lift a load of bricks to a height of 50 ft. The weight of the bricks is 


(a) 30.61b (ce) 3001b 
(b) 94.01b  (d) 2940 1b 


Six kJ of work are used to lift an object to a height of 100 m. The object’s mass is approximately 


(a) 600g (c) 60kg 
(bl) 6kg (ad): «600kg 


A weightlifter raises a 200-kg barbell over his head from the floor, a displacement of 2 m, in 2.2 s. The average power 
he develops during the lift is 


(a) OA8KW  (c) 1.78kW 
(b) 0.89kW  (d) 8.62kW 


A force of 240 N keeps a 900-kg car moving at a constant velocity of 10 m/s. The car’s engine supplies energy to the 
car at a rate of 


(a) 24kW (c) 45kW 
(b) 12kW  (d) 90.6kW 


The work a 300-W electric grinder can do in 5.0 min is 

(a) 1kJ (c) 25kJ 

(b) 1.5kI (d) 90kJ 

An 80-lb girl climbs a 12-ft rope in 7.5 s. Her average power output is 
(a) 0.13 hp (c) 0.23 hp 

(b) 0.19 hp (d) 7Ahp 


A 150-kg yak has an average power output of 120 W. The yak can go up a mountain 1.2 km high in 


(a) 25min (ce) 13.3h 
(b) 41h (d) 14.7h 


A 700-kg horse is pulling a sled at a velocity of 3.5 m/s. If the horse’s power output is 1.0 hp, the force the horse 
exerts on the sled is 

(a) 0.16kN (c) 0.57kN 

(b) 0.21 kN (d) 15.2kN 
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The KE of a 900-kg car whose velocity is 60 km/h is 

(a) 12.8kJ (c) 1.23 MJ 

(b) 125kJ (d) 1.62 MJ 

The velocity of a 5000-kg truck whose KE is 360 kJ is 

(a) 12km/h (c) 43 km/h 

(b) 31 km/h (d) 144km/h 

The KE of a 2400-lb car whose velocity is 40 mish is 

(a) 1.9 x 10? ft-lb (c) 7.0 x 10* ft-lb 

(b) 6.0 x 10* ft-lb (d) 1.3 x 10° ft-lb 

A 50-kg mass has a PE of 4.9 kJ relative to the ground. The height of the mass above the ground is 
(a) 10m (c) 960m 

(b) 98m (d) 245km 

A 16-slug mass is raised by 10 ft. The PE of the mass increases by 

(a) 5 ft-lb (c) 160 ft-lb 

(b) 20 ft-lb (d) 5120 ft-lb 

A girl on a swing varies in height from 60 cm above the ground to 180 cm. The girl’s greatest velocity 
(a) is 1.5 m/s (c) is 24 m/s 

(b) is 4.8 m/s (d) depends on her mass 


The 2.50-kg head of an ax exerts a force of 80 kN as it penetrates 18 mm into the trunk of a tree. The velocity of the 
ax head when it strikes the tree is 


(a) 12m/s (c) 34m/s 
(b) 34m/s  (d) 107 m/s 


The mass equivalent of 6.0 MJ is 


(a) 67x10" kg (c) 67x 10kg 
(b) 5.4x10-%kg  (d) 5.0x 10-kg 


Supplementary Problems 


Under what circumstances (if any) is no work done on a moving object even though a net force acts on it? 


A golf ball and a Ping-Pong ball are dropped in a vacuum chamber. When they have fallen halfway to the bottom, 
how do their velocities compare? Their kinetic energies? Their potential energies? 


The earth exerts a gravitational force of 2 x 107° N on the moon, and the moon travels 2.4 x 10° m each time it orbits 
the earth. How much work does the earth do on the moon in each orbit? 


(a) How much work must be done to raise a 1100-kg car 2 m above the ground? (b) What is the car’s potential energy 
afterward? 


A 20-Ib object is raised to a height of 40 ft above the ground. (a) How much work was done? (b) What is the potential 
energy of the object? (c) If the object is dropped, what will its kinetic energy be just before it strikes the ground? 
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A boy pulls a wagon with a force of 45 N by means of a rope that makes an angle of 40° with the ground. How much 
work does he do in moving the wagon 50 m? 


A horse exerts a force of 200 Ib while pulling a sled for 3 mi. (a2) How much work does the horse do? (b) If the trip 
takes 30 min, what is the power output of the horse in horsepower? 


A road slopes upward so that it climbs 1 m for each 12 m of distance covered. A car whose weight is 10 KN moves 
up the road at a constant velocity of 24 m/s. Find the minimum power the car’s engine is delivering. 


A certain 80-kg mountain climber has an average power output of 0.1 hp. (a) How much work does she perform 
in climbing a mountain 2000 m high? (b) How long does she take to climb the mountain? (c) What is her potential 
energy at the top? 


A man uses a rope and a system of pulleys to raise a 200-1b box to a height of 10 ft. He exerts a force of 60 Ib on the 
rope and pulls a total of 40 ft of rope through the pulleys. (a) How much work does he perform? (b) By how much is 


the potential energy of the box increased? (c) If these answers are different, what do you think the reason is? 


A total of 10* kg of water per second flows over a waterfall 25 m high. If 50 percent of the power this flow represents 
could be converted into electricity, how many 100-W light bulbs could be supplied? 


The four engines of a DC-8 airplane develops a total of 22 MW when its velocity is 240 m/s. How much force do the 
engines exert? 


Neglecting friction and air resistance, is more work needed to accelerate a car from 10 to 20 km/h or from 20 to 
30 km/h? 


A 3000-1b car has an engine which can deliver 80 hp to the driving wheels. What is the maximum velocity at which 
the car can climb a 15° hill? 


Find the kinetic energy of a 2-g (0.002-kg) insect when it is flying at 0.4 m/s. 
The electrons in a television picture tube whose impacts on the screen produce the flashes of light that make up the 
image have masses of 9.1 x 1073! kg and typical velocities of 3 x 10’ m/s. What is the kinetic energy of such an 


electron? 


A 15-kg object initially at rest is raised to a height of 8 m by a force of 200 N. What is the velocity of the object at 
this height? 


A 7-kg iron shot is thrown 18 m. What was its minimum initial kinetic energy? 


An 800-kg car moving at 70 km/h is carrying two 75-kg people. If the power output of the car’s engine is 30 kW, how 
much time is needed for the car to reach a velocity of 110 km/h? Neglect friction and air resistance. 


(a) What velocity does a 1-slug object have when its kinetic energy is 1 ft-lb? (b) What velocity does a 1-lb object 
have when its kinetic energy is 1 ft-lb? 


A stone is dropped from a height of 100 m. At what height is half of its energy potential and half kinetic? 


A 10-g bullet has a velocity of 600 m/s when it leaves the barrel of a rifle. If the barrel is 60 cm long, find the average 
force on the bullet while it is in the barrel. 


A 16-Ib shell has a velocity of 2000 ft/s when it leaves the barrel of a cannon. If the barrel is 10 ft long, find the 
average force on the shell while it is in the barrel. 


(a) An 8-N force pushes a 0.5-kg ball on a horizontal table for 3 m, starting from rest. If there is no friction, what is 
the final KE of the ball? (b) The same force is used to raise the ball a height of 3 m, starting from rest. What is its 
final KE now? 
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An 800-kg car moving at 6 m/s begins to coast down a hill 40 m high with its engine off. The driver applies the brakes 
so that the car’s speed at the bottom of the hill is 20 m/s. How much energy was lost to friction? 


One kilogram of water at 0°C contains 335 kJ of energy more than | kg of ice at 0°C. What is the mass equivalent of 
this amount of energy? 


Approximately 12 MJ of energy is liberated when | kg of dynamite explodes. How much matter is converted to energy 
in this process? 


A sedentary person uses energy at an average rate of about 70 W. (a) How many joules of energy does this person 


use per day? (b) All this energy originates in the sun. How much matter is converted to energy per day to supply such 
a person? 


Answers to Multiple-Choice Questions 


(c) 7A (db) 
(a) 7412 (b) 
(c) 7.43. (©) 
(c) 7.44. (d) 
(b) 7.45. (a) 
(c) 7.16. (d) 
(a) 7.47. (b) 
(d) 7.18. (c) 
(c) 7.49% (a) 


(b) 


Answers to Supplementary Problems 


No work is done by a net force acting on a moving object when the force is perpendicular to the direction of the 
object’s motion. 


Their velocities are the same. The golf ball, which has the greater mass, has the greater KE and PE. 
No work is done because the force on the moon is perpendicular to its direction of motion. 

(a) 21.6kJ (b) 21.6kJ 

(a) 800 ft-lb (b) 800 ft-lb (c) 800 ft-Ib 


1.72 kJ 
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(a) 3.17x 10° ftlb = (b)- 3.2 hp 
20 kW 
(a) 157MJ (6) 5h50min~ (c) 1.57MJ 


(a) 2400ft-Ib  (b) 2000 ft-lb 


(c) 400 ft-lb was used in doing work against frictional forces in the pulleys 


12,250 bulbs 

92 kN 

From 20 to 30 km/h 

56.7 ft/s = 38.6 mi/h 
16x 10*J 

4.1x 10-'°J 

7.5 m/s 

0.62 kJ 

8.8 s 

(a) 14 ft/s (b) 8 ft/s 
50m 

3 kN 

10° Ib 

(a) 24) (b) 9.3) 
168 kJ 

3.7 x 10-7 kg 

1.3 x 107! kg 


(a) 6.05x 1063  (b) 6.72 x 107! kg 


87 


CHAPTER 8 


Momentum 


LINEAR MOMENTUM 


Work and energy are scalar quantities that have no directions associated with them. When two or more bodies 
interact with one another, or a single body breaks up into two or more others, the various directions of motion 
cannot be related by energy considerations alone. The vector quantities called linear momentum and impulse are 
important in analyzing such events. 

The linear momentum (usually called simply momentum) p of a body of mass m and velocity v is the product 
of m and v: 


Momentum p = mv 


The units of momentum are kilogram-meters per second and slug-feet per second. The direction of the momentum 
of a body is the same as the direction in which it is moving. 

The greater the momentum of a body, the greater its tendency to continue in motion. Thus a baseball that 
is solidly struck by a bat (v large) is harder to stop than a baseball thrown by hand (v small), and an iron shot 
(m large) is harder to stop than a baseball (m small) of the same velocity. 

Another finding of the theory of relativity, which was mentioned in Chapter 7 as the source of the relationship 
Eo = mc’, is that the momentum of an object of mass m and velocity v increases with increasing v according 
to the formula 

mv 


= J1—v?/c? 


where c is the velocity of light. Because c = 3 x 10° m/s, this effect is only significant at extremely high 
velocities. When v = 0.01c = 3 x 10° m/s (3 million m/s), for instance, the momentum increase beyond just 
mv is only 0.005 percent, which is usually negligible. As v gets closer to c, however, which can be the case 
for subatomic particles such as electrons and protons, the difference becomes considerable: for v = 0.9c, it is 
229 percent. If v were to equal c, p would be infinite, which is impossible—nothing can have infinite momentum. 
This means that no material object can travel as fast or faster than light; c is the ultimate velocity limit in the 
universe. 


IMPULSE 


A force F that acts on a body during time ¢ provides the body with an impulse of Ft: 
Impulse = Ft = (force)(time interval) 


The units of impulse are newton-seconds and pound-seconds. 
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When a force F acts on a body of mass m and changes its velocity from v; to v2, according to the second 
law of motion 


(v2 — v1) 
t 


F=ma=m 
Hence we have the impulse-momentum theorem: 


Ft = py — p1 = m(v2 — V1) 


Impulse = momentum change 


The momentum change of the body is equal to the impulse provided by the force acting on it. 


SOLVED PROBLEM 8.1 


Find the momentum of a 50-kg boy running at 6 m/s. 


p = mv = (50 kg)(6 m/s) = 300 kg-m/s 


SOLVED PROBLEM 8.2 
A 160-lb woman runs | mi in 5 min. What is her average momentum? 


The woman’s mass m and average velocity ) are, respectively, 


160 Ib 1 mi)(5280 ft/mi 
g 32 ft/s (5 min) (60 s/min) 


Hence her average momentum is p = mv = (5 slugs)(17.6 ft/s) = 88 slug-ft/s. 


SOLVED PROBLEM 8.3 


A 46-g golf ball is struck by a club and flies off at 70 m/s. If the head of the club was in contact with the 
ball for 0.5 ms, what was the average force on the ball during the impact? 


The ball started from rest, so v; = 0 and its momentum change is 
m(v2 — V1) = mv2 = (0.046 kg)(70 m/s) = 3.22 kg-m/s 


Since 1 ms = 1 millisecond = 107? s, here t = 0.5 ms = 5 x 107~* s and 


m(v2 — v1) = 3.22 kg-m/s 


= = 64x 10°N=6.4kN 
t 5x 10s 


F= 


This is equal to 1450 lb. According to the third law of motion, a recoil force of the same magnitude but opposite 
direction acts on the club’s head during the impact. No golf club could withstand so large a stationary load, but the 
impact is so brief that it merely bends the shaft temporarily by a few centimeters. 


SOLVED PROBLEM 8.4 


A certain DC-9 airplane has a mass of 50,000 kg and a cruising velocity of 700 km/h. Its engines develop 
a total thrust of 70,000 N. If air resistance, change in altitude, and fuel consumption are ignored, how 
long does it take the airplane to reach its cruising velocity, starting from rest? 
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The airplane’s initial velocity is v; = 0, and its final velocity is 


1000 m/km 


v2 = (700 km/h) 
3600 s/h 


) = 19.4 m/s 
Hence Impulse = momentum change 


Ft =m(v.—v1) =myv2 
myvz _ (50,000 kg)(19.4 m/s) 
F 70,000 N 


t= = 139s=2min19s 


SOLVED PROBLEM 8.5 


A 2400-lb car strikes a fence at 30 ft/s (about 20 mi/h) and comes to a stop in | s. What average force 
acted on the car? 


The initial and final velocities of the car are 30 ft/s and 0, respectively. Hence 


Impulse = momentum change 
w 
Ft=m(v.— v1) = Pa — vj) 


w(v2—v1) _ (3200 Ib) — 30 ft/s) | 


F — 
gt (32 ft/s”)(1 s) 


3000 Ib 


The minus sign means that the force which acted to stop the car is in the opposite direction to its initial velocity. 


SOLVED PROBLEM 8.6 


The thrust of a rocket is the force developed by the expulsion of its exhaust gases. (a) Find the thrust of a 
rocket that uses 30 kg/s of fuel and whose exhaust gases leave the rocket at 3 km/s. (b) If the initial mass 
of the rocket is 5000 kg of which 3500 kg is fuel, find its initial and final accelerations. 


(a) When amass Am of exhaust gas leaves a rocket in the time interval Ar, its momentum change A(myv) is 
A(myv) =v Am 


Since the impulse Ft given to the rocket equals the momentum change of the exhaust gases, 


F At = Amv) 
A(my) Am 
= oA Ae 


The thrust of a rocket is the product of the exhaust speed and rate at which fuel is consumed. Here v = 3 km/s = 
3000 m/s and Am/At = 30 kg/s, so 


Am 4 
F= Wee = (3000 m/s) (30 kg/s) = 9 x 10° N = 90 kN 
(b) The initial mass of the rocket is mp = 5000 kg, and the initial force available for its acceleration is F — mog. 


Hence 


_ F=mog _ 9x 10*N — (5000 kg) (9.8 m/s’) 


= 8.2 m/s” 
mo 5000 kg : 


ao 


The final mass of the rocket is 1500 kg. Hence its final acceleration before it runs out of fuel is 


F—mg _ 9x 10*N — (1500 kg)(9.8 m/s”) 
mo 1500 kg 


= 50.2 m/s” 


a= 
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CONSERVATION OF LINEAR MOMENTUM 


According to the law of conservation of linear momentum, when the vector sum of the external forces that act 
on a system of bodies equals zero, the total linear momentum of the system remains constant no matter what 
momentum changes occur within the system. 

Although interactions within the system may change the distribution of the total momentum among the 
various bodies in the system, the total momentum does not change. Such interactions can give rise to two general 
classes of events: explosions, in which an original single body flies apart into separate bodies, and collisions, in 
which two or more bodies collide and either stick together or move apart, in each case with a redistribution of 
the original total momentum. Collisions will be examined in the next section. 


SOLVED PROBLEM 8.7 
A rocket explodes in midair. How does this affect (a) its total momentum and (b) its total kinetic energy? 


(a) The total momentum remains the same because no external forces acted on the rocket. 


(b) The total kinetic energy increases because the rocket fragments received additional KE from the explosion. 
(Of course, the total energy of the rocket, including the original chemical potential energy of its fuel, is constant.) 


SOLVED PROBLEM 8.8 


An airplane’s velocity is doubled. (a) What happens to its momentum? Is the law of conservation of 
momentum obeyed? (b) What happens to its kinetic energy? Is the law of conservation of energy obeyed? 


(a) The airplane’s momentum mv also doubles. Momentum is conserved because the increase in the airplane’s 
velocity is accompanied by the backward motion of air through the action of its engines, so the total momentum 
of airplane plus air remains the same when their opposite directions are taken into account. 


(b) The airplane’s kinetic energy imv> increases fourfold. Energy is conserved because the additional KE comes 


from chemical potential energy released in the airplane’s engines. 


SOLVED PROBLEM 8.9 


A 15-g (0.015-kg) bullet is fired from a 5-kg rifle at a muzzle velocity of 600 m/s. Find the recoil velocity 
of the rifle. 


From conservation of momentum, m,v, = m),v,, and so 


Mp 0.015 kg 
vy = | — | Wo) = | —=—— _] (600 m/s) = 1.8 m/s 


SOLVED PROBLEM 8.10 


An astronaut is in space at rest relative to an orbiting spacecraft. His total weight is 300 lb, and he throws 
away a |-lb wrench at a velocity of 15 ft/s relative to the spacecraft. How fast does he move off in the 
opposite direction? 


From conservation of momentum, 


w 1 1b 
Va = ue Ww) — errs d5 ft/s) = 0.05 ft/s 
a 300 Ib 


We notice that the g’s have canceled, so it was not necessary to find the mass values first; the ratio of two masses is 
always the same as the ratio of the corresponding weights. 
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COLLISIONS 


Momentum is also conserved in collisions. If a moving billiard ball strikes a stationary one, the two move off in 
such a way that the vector sum of their momenta is the same as the initial momentum of the first ball (Fig. 8-1). 
This is true even if the balls move off in different directions. 


mV 

LAD mv MyV9 
=—— > 
== MyVo © TAN 

Ww 

Ss 
= 
IV. 
Fig. 8-1 


An elastic collision is one in which the bodies involved move apart in such a way that kinetic energy as well 
as momentum is conserved. In a perfectly inelastic collision, the bodies stick together and the kinetic energy 
loss is the maximum possible consistent with momentum conservation. Most collisions are intermediate between 
these two extremes and are simply called inelastic. 


SOLVED PROBLEM 8.11 


A 1000-kg car moving at 80 km/h collides head-on with a 1500 kg car moving at 30 km/h, and the two 
cars stick together. Which way does the wreckage move? 


The 1000-kg car had the greater initial momentum, so the wreckage moves in the same direction it had. 


SOLVED PROBLEM 8.12 


A 0.5-kg snowball moving at 20 m/s strikes and sticks to a 70-kg man standing on the frictionless surface 
of a frozen pond. What is the man’s final velocity? 


Let v,; = snowball’s velocity and v2 = final velocity of man plus snowball. Then 


Initial momentum of snowball = final momentum of man + snowball 


MsV, = (mn + Ms)V2 
ms 0.5 kg 
V2 (— “—) (v1) ( =.) (20 m/s) = 0.14 m/s 


SOLVED PROBLEM 8.13 


A 40-kg skater traveling at 4 m/s overtakes a 60-kg skater traveling at 2 m/s in the same direction and 
collides with her. (a) If the two skaters remain in contact, what is their final velocity? (b) How much 
kinetic energy is lost? 


(a) Letv, = initial velocity of 40-kg skater, v2 = initial velocity of 60-kg skater, and v3 = final velocity of the two 
skaters. Then 
Initial total momentum = final total momentum 
MV, + MyV2 = (Mm, + M2)V3 


mivi+m2v2 _ (40 kg)(4 m/s) + (60 kg)(2 m/s) 


= = 2.8 m/ 
m, + my 40 kg + 60 kg 


V3 
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(b) Initial KE = smi + Sm2v5 
= (4)(40 kg)(4 m/s)? + (4)(60 kg)(2 m/s)” = 440 J 


Final KE = $(m, + m2)v3 = (5)(100 kg)(2.8 m/s)? = 392 J 


Therefore 48 J of energy is lost, 11 percent of the original amount. 


SOLVED PROBLEM 8.14 


The two skaters of Prob. 8.13 are moving in opposite directions and collide head-on. (a) If they remain 
in contact, what is their final velocity? (b) How much kinetic energy is lost? 


(a) We take into account the opposite directions of motion by letting v; = +4 m/s and v2 = —2 m/s. Then 


mV, + Mov. _ (40 kg)(4 m/s) — (60 kg)(2 m/s) 


= +0.4 m/s 
m, +m 40 kg + 60 kg 


v3 


Since v3 is +0.4 m/s, the two skaters move off in the same direction as the 40-kg skater had originally, which 
is to be expected since she had the greater initial momentum. 
(b) Initial KE = 440 J (as in Prob. 8.13) 
Final KE = $(m, + m2)v3 = (5)(100 kg)(0.4 m/s)? = 8 J 


Therefore 432 J of energy is lost, 98 percent of the original amount. This is the reason why head-on collisions 
of automobiles produce much more damage than overtaking collisions. 


COLLISIONS IN TWO AND THREE DIMENSIONS 


The directional character of linear momentum must be kept in mind in problems that involve collisions between 
bodies that do not move along the same straight line. In such cases, linear momentum must be conserved 
separately in two perpendicular directions when the motions involve two dimensions, or separately in three 
mutually perpendicular directions when the motions involve three dimensions. The following problem illustrates 
the way such problems are treated. 


SOLVED PROBLEM 8.15 


A 1000-kg car moving north at 20 m/s collides with a 1500-kg car moving west at 12 m/s. If the cars stick 
together after the collision, at what velocity and in what direction does the wreckage begin to move? 


Linear momentum must be conserved separately in both the north-south and east-west directions, which we call 
the y and x axes, respectively, as in Fig. 8-2(a). Thus we have 


Momentum before crash = momentum after crash 


x direction MaVay +MpVpy = MapVasx 
y direction MaVay + MpVpy = MaBVapy 
Here 
Vax = 0 Vex = —12 m/s VaBx =? 
Vay = 20 m/s Vay =0 Vapy =? 


In the x direction we have 


- = MAVaxy +MBVpx _ O+ (1500 kg)(—12 m/s) eS ails 
eae MAB ~ 2500 kg _* 
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N 

VAB 

“4 By 
Ww E 

S 

VABx < 

(5) 
Fig. 8-2 
and in the y direction we have 
MaV ay + MBVBy _ (1000 kg)(20 m/s) ie ise 


VABy = = 


MAB 2500 kg 


The magnitude of the velocity v,4z is therefore 


Vas = Vinx + Visy = V(—7.2 m/s)? + (8 m/s)? = 10.8 m/s 


The direction of v4g may be specified by the angle 6 between the +y direction, which is north, and vag. From 
Fig. 8-2(b), ignoring the sign of v4g,, we get 


i 
Mate. 90: pas 
VABy 8 m/s 


tand = 


The wreckage begins to move at 10.8 m/s in a direction 42° west of north. 


COEFFICIENT OF RESTITUTION 


The coefficient of restitution e is defined as the ratio between the relative velocity of recession v4, — v; after a 
collision between two bodies and their relative velocity of approach v; — v2: 


Coefficient of restitution = e = 


Values of e range from 0 to 1. In a perfectly elastic collision, e = 1 and the relative velocity after the collision is 
the same as the relative velocity before it. In a perfectly inelastic collision, e = 0. 


SOLVED PROBLEM 8.16 


An object of mass m, and initial velocity v; undergoes an elastic head-on collision with another object 
of mass mz that is at rest. How do the results of the collision depend on m, and m2? 


Let us call the final velocities of the objects v, and v,. From conservation of momentum, 
mv, = mv, + mov5 
The coefficient of restitution for an elastic collision is e = 1, so here, with v. = 0, 


/ , / / 
Vi=V—- Vy VW=Vtvy, 
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Substituting for v4 in the first equation gives 
mv, = mv, + mov, + mov} 
(m, + m)(v}) = (Mm, — m2)(11) 
v= (=) (v1) 
m,; +m») 


In a similar way we find that 


From these results we draw the following conclusions, which are illustrated in Fig. 8-3. 


(a) Form, < mp: Here vj is opposite in direction to v;, so the incoming lighter object rebounds from the heavier 
one. If m, « mp, for instance, in the case of a ball striking a wall, then v; © —y). 


(b) Form, = m: Here vi = 0 and v5 = vy, so the incoming object m; comes to a stop, and the struck object m 
moves away with the same velocity as m, had initially. An example is a moving billiard ball striking a stationary 
one head-on. 


(c) Form, > m2: The incoming object m, continues with reduced velocity while the struck object m2 moves away 
ahead of m, at a higher velocity. An example is a tennis serve. If m >> mo, then v4 © 2). 


oH ® OO G)}> © 
oO O® O® 


my, <Me m;,=M2 Mm, > M2 


SOLVED PROBLEM 8.17 


For the collisions considered in Prob. 8.16, find the ratio between the kinetic energy KE) transferred 
to the initially stationary object and the kinetic energy KE, of the initially moving object before the 
collision. 


From the formula 


2m, 
=> 
my, + m2 
we find that 
Transferred KE KE, 4movy 4m my 4 (m2/m) 
Initial KE KE, Sm? (my mz)? (UL + mg/m)? 


This formula is plotted in Fig. 8-4. The transfer of energy is a maximum for m,; = mz, when all of the energy of m, 
is transferred to m2. This is the situation shown in Fig. 8-3(b). 
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Fig. 8-4. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 


SOLVED PROBLEM 8.18 


A ball dropped on a floor from a height of 1.5 m bounces back to a height of 0.85 m. What is the coefficient 
of restitution? 


The floor does not move, so v2 = v5 = 0. We consider up as + and down as —. The velocity of the ball after it 
has fallen from an initial height h is v;} = —1./2gh. The velocity that it needs to reach the height h’ after bouncing 
on the floor is vy} = +./2gh’. Hence 


$s vy—Vv,  O-v,  -V2gh’ _ /h’ 
~ al v2 - V1 0 * J2gh a h 


h' /0. 
and so here C4) = Chote = 0.75 
h 1.5m 


SOLVED PROBLEM 8.19 
A 1-kg ball moving at 5 m/s collides with a 2-kg ball moving in the opposite direction at 4 m/s. If the 


coefficient of restitution is 0.7, find the velocities of the two balls after the impact. 
Here 
m, =1kg v; =5m/s v=? 
m, = 2kg v2 = —4 m/s v5 =? 
First we make use of the fact that e = 0.7: 


/ / 
WT V1 


i 
Ls eee ae 


v5 — Vv, = e(v) — v2) = 0.7[5 m/s — (—4 m/s)] = 6.3 m/s 
v5 =v, + 6.3 m/s 
From conservation of momentum we have 
Momentum before = momentum after 
MV, + Mov. = mv, + mov5 
(1 kg)(5 m/s) — (2 kg)(4 m/s) = (1 kg)(v}) + (2 kg)(v5) 


—3 kg-m/s — v; kg 
2kg 


te es 
Vy = 
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8.3. 


8.4. 


8.5. 


8.6. 


8.7. 


8.8. 


We now set equal the two expressions for v, and solve for vj: 


; —3 kg-m/s — v; kg 
v, + 6.3 m/s = ——-—____— 
1 2kg 
j —3 kg-m/s 
vid +0.5) = —.——— -— 6.3 m/s = —7.8 m/s 
2kg 
v, = —5.2 m/s 


The minus sign means that the 1-kg ball moves off in the opposite direction from its initial one. To find v%, it is 
simplest to use v; = vj, + 6.3 m/s: 


v5 = —5.2 m/s + 6.3 m/s = 1.1 m/s 


The 2-kg ball also reverses its direction as a result of the collision. 


Multiple-Choice Questions 


A 300-g iron ball has the same diameter as a 105-g aluminum ball. The balls are dropped at the same time from a 
cliff. Just before they reach the ground, they have the same 


(a) acceleration (c) kinetic energy 


(b) momentum (d) potential energy 


A ball with the momentum p strikes a wall and bounces off. The change in the ball’s momentum is ideally 
(a) 0 (c) 2p 

(b) p  (d) —2p 

An elastic collision conserves 


(a) momentum but not KE (c) both momentum and KE 
(b) KE but not momentum (d) neither momentum nor KE 


An inelastic collision conserves 


(a) momentum but not KE (c) both momentum and KE 
(b) KE but not momentum (d) neither momentum nor KE 


A 60-kg skater pushes a 50-kg skater, who moves away at 2.0 m/s. As a result, the first skater moves backward at 


(a) 06m/s  (c) 2.0m/s 
(b) 1.7m/s (d) 24m/s 


A 60-g tennis ball moving at 8.0 m/s strikes a stationary tennis racket perpendicularly and bounces off at 6.0 m/s. 
The impulse given to the racket is 


(a) OA2ZNs  (c) OA8Ns 
(b) 036N-s (d) 0.84N-s 


During a serve, a tennis racket exerts an average force of 250 N on a 60-g tennis ball, initially at rest, for 5.0 ms 
(0.0050 s). The ball’s KE afterward is 

(a) 0.783 (c) 13J 

(b) 1.25) (d) 127J 


A 1500-kg truck whose velocity is 60 km/h overtakes a 4000-kg truck moving in the same direction at 35 km/h. The 
trucks collide and stick together, and the initial velocity of the wreckage is 


(a) 9.1 km/h (c) 48 km/h 
(b) 42 km/h (d) 53 km/h 
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The trucks in Question 8.8 are headed in opposite directions when they collide. The trucks again stick together, and 
the wreckage now has an initial velocity of 


(a) 9.1 km/h (c) 48km/h 
(b) 42km/h (d) 53 km/h 
The trucks in Question 8.8 lost a total KE that is 


(a) 0 

(b) less than the KE lost by the trucks in Question 8.9 
(c) the same as the KE lost by the trucks in Question 8.9 
(d) more than the KE lost by the trucks in Question 8.9 


An 800-kg car headed south at 40 km/h strikes a 1200-kg car headed west at 25 km/h. The cars stick together and the 
initial velocity of the wreckage is 


(a) 22km/h  (c) 33km/h 
(b) 31km/h (d) 47km/h 


The wreckage of Question 8.11 moves off at 


(a) 20°WofS  (c) 47° WofS 
(b) 43°WofS  (d) 70° WofS 


A ball is dropped from a height of 300 cm. If the coefficient of restitution is 0.600, the ball rebounds to a height of 


(a) 104cm (c) 134cm 
(b) 108 cm (d) 180cm 


Supplementary Problems 


Find the momentum of a 100-kg ostrich running at 15 m/s. 

Find the momentum of a 3200-lb car moving at 60 mi/h (88 ft/s). 

An object at rest explodes and breaks up into two parts that fly off. Must they move in opposite directions? 

A moving object strikes a stationary one. After the collision, must they move in the same direction? 

A 2500-kg truck crashes into a wall at 40 km/h and comes to a stop in 0.5 s. What is the average force on the truck? 


A 5-kg rifle and a 7-kg rifle fire identical bullets with the same muzzle velocities. Compare the recoil momenta and 
recoil velocities of the two rifles. 


An empty dump truck is coasting with its engine off along a level road when rain starts to fall. 


(a) Neglecting friction, what (if anything) happens to the velocity of the truck? 
(b) The rain stops and the collected water leaks out. What (if anything) happens to the velocity of the truck now? 


A 60-kg woman dives horizontally from a 250-kg boat with a velocity of 2 m/s. What is the recoil velocity of the boat? 


Four 50-kg girls simultaneously dive horizontally at 2.5 m/s from the same side of a boat, whose recoil velocity is 
0.1 m/s. What is the mass of the boat? 


A spacecraft’s motors provide a total thrust of 1.5 MN. If the exhaust speed is 2.5 km/s, at what rate is fuel being used? 
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A rocket whose initial weight is 10,000 1b uses 50 Ib/s of fuel that it exhausts at 8000 ft/s. Find the initial acceleration 
of the rocket. 


An unoccupied 1200-kg car has coasted down a hill and is moving along a level road at 10 m/s. A 6000-kg truck 
moving in the opposite direction collides head-on with it. What was the truck’s velocity if both vehicles come to a 


stop after the collision? 


A 50-kg boy at rest on roller skates catches a 0.6-kg ball moving toward him at 30 m/s. How fast does he move 
backward as a result? 


A 1200-kg car traveling at 10 m/s overtakes a 1000-kg car traveling at 8 m/s and collides with it. (a) If the two cars 
stick together, what is their final velocity? (b) How much kinetic energy is lost? What percentage of the original KE 


is this? 


The cars of Prob. 8.14 are moving in opposite directions and collide head-on. (a) If they stick together, what is their 
final velocity? (b) How much kinetic energy is lost? What percentage of the original KE is this? 


A 1-Ib stone moving south at 8 ft/s collides with a 5-lb lump of clay moving west at 3 ft/s and becomes embedded in 
the clay. Find the velocity (magnitude and direction) of the composite body. 


A 1200-kg car moving east at 30 km/h collides with an 1800-kg car moving north at 20 km/h. The cars stick together 
after the collision. Find the velocity (magnitude and direction) of the wreckage. 


A 10-kg iron ball rolling at 2 m/s on a horizontal surface strikes a 1-kg wooden ball of the same size that is at rest. 
(a) What is the velocity of each ball after the collision? (b) What proportion of the iron ball’s initial KE was transferred 


to the wooden ball? 


A 46-g golf ball flies off at 1.5 times the velocity of the clubhead that struck it. (a) What was the mass of the clubhead? 
(b) What proportion of the clubhead’s initial KE was transferred to the ball? 


A 5-kg ball moving at 6 m/s strikes a 3-kg ball initially at rest. The 5-kg ball continues moving in the same direction 
at 2 m/s. (a) Find the velocity and direction of the 3-kg ball. (b) Find the coefficient of restitution. 


A 5-kg ball moving to the right at 3 m/s overtakes and collides with a 10-kg ball moving to the right at 2.4 m/s. Find 
the final velocities of the two balls if the coefficient of restitution is 0.8. 


A rubber ball is dropped on the ground from a height of 5 m. If the coefficient of restitution is 0.7, find the height to 
which the ball rebounds. 


A ball dropped from a height of 3 m bounces up to a height of 1 m. Find the coefficient of restitution. 


Answers to Multiple-Choice Questions 


(a) 86 (d) 81 (a 
(dd) 8&7. (c) 842 (b) 
(c) 8.8. (b) 8.13. (b) 
(a) 8.9. (a) 


(b) 8.10. (b) 
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8.13. 


8.14. 


8.15. 


8.16. 
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Answers to Supplementary Problems 


1500 kg-m/s 
8800 slug-ft/s 
Yes 


No; no; they can move in any direction provided that the vector sum of their momenta equals the initial momentum 
of the first object. 


18,500 N 
The recoil momenta are the same, but the lighter rifle has a higher recoil velocity. 


(a) The truck’s velocity decreases as rainwater accumulates in it, since the total momentum must remain constant 
despite the increase in mass. 


(b) The reduced velocity does not change because the water that leaks out carries with it the momentum it had 
gained. 


0.48 m/s 
5000 kg 
600 kg/s 
8 ft/s? 
2 m/s 
0.36 m/s 


(a) 9.09 m/s (b) 1100J; 1.2% 


(a) 1.82 m/s (b) 88.4 kJ; 96% 

2.83 ft/s at 28° south of west 

17 km/h to the northeast 

(a) vj, = 1.6 m/s, v, = 3.6 m/s (b) 0.33 = 33% 

(a) 138g (b) 0.75 = 75% 

(a) 6.67 m/s in the same direction as the 5-kg ball (b) 0.78 
2.3 m/s; 2.8 m/s 

2.45 m 


0.58 


CHAPTER 9 


Circular Motion 
and Gravitation 


CENTRIPETAL ACCELERATION 


A body that moves in a circular path at a velocity whose magnitude is constant is said to undergo uniform circular 
motion. 

Although the velocity of a body in uniform circular motion is constant in magnitude, its direction changes 
continually. The body is therefore accelerated. The direction of this centripetal acceleration is toward the center 
of the circle in which the body moves, and its magnitude is 


ag = — 
r 


(velocity of body)” 


Centripetal acceleration = - - 
radius of circular path 


Because the acceleration is perpendicular to the path followed by the body, its velocity changes only in direction, 
not in magnitude. 


CENTRIPETAL FORCE 


The inward force that must be applied to keep a body moving in a circle is called centripetal force. Without 
centripetal force, circular motion cannot occur. Since F = ma, the magnitude of the centripetal force on a body 
in uniform motion is 


Centripetal force = F, = —— 
7 


SOLVED PROBLEM 9.1 


A ball is whirled at the end of a string in a horizontal circle 60 cm in radius at the rate of 1 revolution 
(rev) every 2 s. Find the ball’s centripetal acceleration. 


The distance the ball travels per revolution is 
s = 2nr = (27)(0.6 m) = 3.77m 
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Since each revolution takes 2 s, the ball’s velocity is 


s  3.77m 
ye -= = 1.88 m/s 
t 2s 
The ball’s centripetal acceleration is therefore 
3 1.88 m/s)? 
peak: SE 23? 


r 0.6m 


SOLVED PROBLEM 9.2 


A 1000-kg car rounds a turn of radius 30 m at a velocity of 9 m/s. (a) How much centripetal force is 
required? (b) Where does this force come from? 


mv> _ (1000 kg)(9 m/s)” 


F.= = 2700 N 
— r 30m 
(b) The centripetal force on a car making a turn on a level road is provided by the road acting via friction on the 
car’s tires. 
SOLVED PROBLEM 9.3 


How much centripetal force is needed to keep a 160-lb skater moving in a circle 20 ft in radius at a 
velocity of 10 ft/s? 


The skater’s mass is m = w/g = 160 lb/32 ft/s? = 5 slugs. Hence 


mv _ (Gslugs)(10 ft/s)? 


F.= 
r 20 ft 


= 25 |b 


SOLVED PROBLEM 9.4 


The maximum force a road can exert on the tires of a 1500-kg car is 8500 N. What is the maximum 
velocity at which the car can round a turn of radius 120 m? 


Solving the formula F, = mv?/r for v gives for the maximum velocity 


F. 00 N)(12 
vey = Se ¢ Os penile 
m 


1500 m 
which is 
(2) Ge sh ) = 94 km/h 
s ) \ 1000 m/kh 
SOLVED PROBLEM 9.5 


A car is traveling at 20 mi/h on a level road where the coefficient of static friction between tires and road 
is 0.8. Find the minimum turning radius of the car. 


The frictional force between the tires and the road is the source of the centripetal force when a car makes a turn 
on a level road. The maximum centripetal force that friction can provide here is 


Fy = UsN = Usw = bsg 
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Hence Centripetal force = frictional force 
mv? 
= Msmg 
r 
y2 
= 
Ms& 


The car’s velocity is 


: ft/s 
v = (20 mish) { 1.47 —_ } = 29.4 ft/s 
mi/h 


and so the minimum turning radius is 


v> (29.4 ft/s)? 
Msg (0.8)(32 ft/s?) 


SOLVED PROBLEM 9.6 


Highway curves are usually banked (tilted inward) at an angle @ such that the horizontal component of 
the reaction force of the road on a car traveling at the design velocity equals the required centripetal force. 
Find the proper banking angle for a car making a turn of radius r at velocity v. 


In the absence of friction, the reaction force F of the road on the car is perpendicular to the road surface. The 


vertical component F,, of this force supports the weight w of the car, and its horizontal component F,, provides the 
centripetal force mv?/r. From Fig. 9-1 we have 


N 


Rare 
z 


Fy, = Fcosdé =w = mg 
Dividing F', by Fy gives 


Fsin@ = mv? v? 
= — tand = — 
Fcos@ = mgr gr 


Fig. 9-1 


The proper banking angle 6 depends only on v and r, not on the mass of the car. If a car goes around a banked turn 
more slowly than at the design velocity, friction tends to keep it from sliding down the inclined roadway; if the car 


goes faster, friction tends to keep it from skidding outward. If the car’s speed is too great, however, friction may not 
be sufficient to keep the car on the road. 


104 CIRCULAR MOTION AND GRAVITATION [CHAP. 9 


SOLVED PROBLEM 9.7 


(a) Find the proper banking angle for cars moving at 72 km/h to go around a curve 300 m in radius. (b) If 
the curve were not banked, what coefficient of friction would be required between the tires and the road? 


(a) Here v = (72 km/h)[0.278 (m/s) /(km/h)] = 20 m/s and so, from the solution to Prob. 9.6, 


v (20 m/s)? 


= , = 0.136 6=7.7° 
gr (9.8 m/s~)(300 m) 


tand = 


(b) From the solution to Prob. 9.5, r = v?/(Usg)- Hence 


v2 
Ly = — = 0.169 
gr 


MOTION IN A VERTICAL CIRCLE 


When a body moves in a vertical circle at the end of a string, the tension T in the string varies with the body’s 
position. The centripetal force F, on the body at any point is the vector sum of T and the component of the 
body’s weight w toward the center of the circle. At the top of the circle, as in Fig. 9-2(a), the weight w and the 
tension T both act toward the center of the circle, and so 


T=F.-—w 
At the bottom of the circle, w acts away from the center of the circle, and so 


T=F,+w 


Ww 
(a) (b) 
Fig. 9-2 


SOLVED PROBLEM 9.8 


A string 0.5 m long is used to whirl a 1-kg stone in a verticle circle at a uniform velocity of 5 m/s. What 

is the tension in the string (a) when the stone is at the top of the circle and (b) when the stone is at the 

bottom of the circle? 

(a) The centripetal force needed to keep the stone moving at 5 m/s is 

mv? _ (1 kg)(5 m/s)’ 
ro (0.5m 

The weight of the stone is w = mg = (1 kg)(9.8 m/s”) = 9.8 N. At the top of the circle, 


=50N 


F.= 


T = F.-—w =SON—9.8N = 40.2N 
(b) At the bottom of the circle, 


T=F.+w =59.8N 
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SOLVED PROBLEM 9.9 


An airplane pulls out of a dive in a circular arc whose radius is 1200 m. The airplane’s velocity is a 
constant 200 m/s. Find the force with which the 80-kg pilot presses down on his seat at the bottom of 
the arc. 


The downward force F the pilot exerts on his seat is the equal and opposite reaction to the upward force of 
the seat on him. This upward force both supports his weight w and provides the centripetal force F, that keeps him 
in a circular path. The upward force of the seat on the pilot plays the same role here as the tension in the string 
of Fig. 9-2(b) does in the motion of a body moving in a vertical circle when the body is at the bottom of its path. 
Hence 


my? _ (80 kg)(200 m/s)? 


F=F,+w=—-+mg + (80 kg)(9.8 m/s?) = (2667 + 784) N = 3451 N 
r 1200 m 


The pilot presses down on his seat with a force of 3451 N, which is 4.4 times his weight. 


SOLVED PROBLEM 9.10 


A ball at the end of an 80-cm string is being whirled in a vertical circle. At what critical velocity vo will 
the string begin to go slack at the top of the ball’s path? 


The situation here corresponds to that shown in Fig. 9-2(a), with T = F, — w. When the string goes slack, the 
tension in itis T = 0, and 


—* =meg 


vo = Jrg = y (0.8 m)(9.8 m/s”) = 2.8 m/s 


For velocities less than vo, the top of the ball’s path will flatten out and will not be circular. 


SOLVED PROBLEM 9.11 


A ball is being whirled vertically at constant energy at the end of an 80-cm string. If the ball’s speed at 
the top of the circle is 3 m/s, what is its speed at the bottom of the circle? 


At the top of the circle, the ball has a potential energy relative to the bottom of the circle of 


PE; = mgh = mg(2r) = 2mgr 


At the bottom of the circle, PE, = 0. Because the total energy of the ball is constant, 
KE, + PE> = KE, fe PE, 
where KE, is the ball’s kinetic energy at the top and KE, is its kinetic energy at the bottom. Therefore 


smv3 + 0 = imvi + 2mgr 


v3 =v; + 4er 


iv + 4gr = /e m/s)? + (4)(9.8 m/s?)(0.8 m) = 6.35 m/s 


Ve 


The ball’s velocity at the bottom of its path is more than twice its velocity at the top. The difference is due to the 
conversion of the ball’s potential energy at the top into additional kinetic energy at the bottom. 
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GRAVITATION 


According to Newton’s law of universal gravitation, every body in the universe attracts every other body with a 
force that is directly proportional to each of their masses and inversely proportional to the square of the distance 
between them. In equation form, 

mm) 


Gravitational force = F = G 5 
r 


where m, and mp are the masses of any two bodies, r is the distance between them, and G is a constant whose 
values in SI and British units are, respectively, 


SI units: G = 6.67 x 107!! N-m*/kg? 
British units: G = 3.44 x 10-° Ib-ft?/slug” 


A spherical body behaves gravitationally as though its entire mass were concentrated at its center. 


SOLVED PROBLEM 9.12 


What gravitational force does a 1000-kg lead sphere exert on an identical sphere 3 m away? 


mim _ (6.67 x 107!! N-m?/kg?)(10? kg)(10° kg) 


5 mj? =74x107N 
r m 


F=G 


This is less than the force that would result from blowing gently on one of the spheres. Gravitational forces are 
usually significant only when at least one of the bodies has a very large mass. 


SOLVED PROBLEM 9.13 


A girl weighs 128 lb on the earth’s surface. (a) What would she weigh at a height above the earth’s surface 
of one earth radius? (b) What would her mass be there? 


(a) Since the gravitational force the earth exerts on an object a distance r from its center varies as 1/r?, the 
gravitational force on the girl relative to its value mg at the earth’s surface (where r = r,) is 


2 
le 
F= (=) mg 
r 
When the girl is a distance r, above the earth, r = 2r,, and 


2 2 
ge (=) ie 2 (+) w = (1)(128 Ib) = 32 Ib 
r 2re 


(b) Her mass of 


is the same everywhere. 


SOLVED PROBLEM 9.14 
Find the acceleration of gravity at an altitude of 1000 km. 


The gravitational force Gm.m/r? of the earth on an object of mass m at the distance r from the earth’s center 
is equal to the object’s weight mg at that distance, where m, is the earth’s mass. Hence 


Gm.m Gm, 


r2 r2 
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At the earth’s surface, where g = go = 9.8 m/s* andr =r, = 6400 km, 


Gm, 
80 = 
2 
re 


From these formulas for g and go we find that, at the distance r from the earth’s center, the acceleration of gravity is 


When r = re + h = 6400 km + 1000 km = 7400 km, 


_ (siookn 


2 
———_ ) (9.8 m/s”) = 7.3 m/s” 
7400 km 


SATELLITE MOTION 


Gravitation provides the centripetal forces that keep the planets in their orbits around the sun and the moon in 
its orbit around the earth. The same is true for artificial satellites put into orbit around the earth. 


SOLVED PROBLEM 9.15 


Find the velocity an artificial satellite must have to pursue a circular orbit around the earth just above the 
surface. 


Ina stable orbit, the gravitational force mg on the satellite must be equal to the centripetal force mv?/r required. 
Hence 


— =mg 


vi=rg 
v= /rg 


The mass of the satellite is irrelevant. To find v, we use the radius of the earth r, for r and the acceleration of gravity 
at the earth’s surface for g. This gives 


v= /rng= (64 x 106 m)(9.8 m/s”) = 7.9 x 10° m/s 


which is about 18,000 mi/h. With a smaller velocity than this, a space vehicle projected horizontally above the earth 
will fall to the surface; with a larger velocity, it will have an elliptical rather than a circular orbit. 


SOLVED PROBLEM 9.16 


A satellite in a geostationary orbit circles the earth above the equator with a period of exactly | day, so it 
stays above a particular place all the time. Most of the satellites in such orbits act as relays for telephone 
calls and television programs. Find the altitude of a geostationary orbit. 


A satellite that moves in a circular orbit of radius r covers a distance 27 in period T. Hence its velocity is 
v = 2nr/T. From the solution to Prob. 9.15, another formula for the satellite speed is v = ,/rg. Setting these 


formulas equal allows us to eliminate v: 
2nr 
7 TN ’s 


From the solution to Prob. 9.14, g = (re/r)* 80; so 
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Squaring both sides yields 


T? r 
Multiplying both sides by r gives 
An?r? 
T2 =T. 80 


Solving for r, we have 


2 2\ 1/3 
a ro gol 
An 


Since here T = 1 day = (24 h)(60 min/h)(60 s/min) = 8.64 x 10* s, 


Ee x 10° m)?(9.8 m/s”)(8.64 x 104 s)? 
i 


1/3 
re = 4.23 x 10’m 
JU 


The corresponding altitude above the earth’s surface is 


h=r-—re = (4.23 — 0.64) x 10’ m = 3.59 x 10’ m = 35,900 km 


Multiple-Choice Questions 


A 500-g ball moves in a horizontal circle 40 cm in radius at 4 m/s. Its centripetal acceleration is 


(a) 10m/s?2 (c) 40 m/s? 
(b) 20m/s? (d) 80 m/s” 


An object in uniform circular motion is being acted upon by a centripetal force F. If the radius of the object’s path is 
to be doubled while its velocity remains the same, the new centripetal force must be 


(a) F/2 (c) 2F 
(b) F (d) 4F 


A 1200-kg car whose velocity is 6 m/s rounds a turn whose radius is 30 m. The centripetal force on the car is 

(a) 48N (c) 240N 

(b) 147N (d) 1440N 

If the car of Question 9.3 rounds the same turn at 12 m/s, the required centripetal force is 

(a) halved (c) doubled 

(b) the same (d) quadrupled 

The maximum centripetal force that friction can provide the car of Question 9.3 on a rainy day is 8000 N. The highest 
velocity at which the car can round the turn is 

(a) 14m/s (c) 200 m/s 

(b) 77 m/s (d) 40km/s 

The rain stops, the road dries, and the coefficient of friction between the tires of the car of Question 9.3 and the road 
increases to 1.40 times its value in Question 9.5. The highest velocity at which the car can now round the turn is 


(a) unchanged (c) 1.40 its former value 
(b) 1.18 its former value (d) 1.96 its former value 
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9.8. 
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9.10. 


9.11. 


9.12. 


9.13. 


9.1. 


9.2. 


9.3. 


9.4. 


9.5. 


9.6. 


The coefficient of static friction between the tires of a truck whose velocity is 60 km/h and a road is 0.65. The smallest 
turning radius of the truck is 


(a) 94m (c) 44m 
(b) 22m (da) 565m 


A 500-g ball is whirled in a vertical circle at the end of a string 60 cm long. If the velocity of the ball at the bottom 
of the circle is 4.0 m/s, the tension in the string there is 


(a) 49N (c) 133N 
(b) 84N (da) 18.2N 


A car just leaves the road when it passes over a hump whose radius is 40 m. The car’s velocity is 


(a) 20 m/s (c) 392 m/s 
(b) 62 m/s (d) impossible to find without knowing the car’s mass 


A woman whose mass is 60 kg on the earth’s surface is in a spacecraft at an altitude of two earth radii. Her mass 
there is 


(a) 6.7kg (c) 20kg 
(b) 15 kg (d) 60kg 
A man whose mass is 80 kg on the earth’s surface is also in the spacecraft of Question 9.10. His weight there is 
(a) 87N (c) 261N 
(b) 196N (d) 784N 


An astronaut weighs 3200 N on a planet whose mass is the same as that of the earth but whose radius is half that of 
the earth. The astronaut’s weight on the earth is 

(a) 400N (c) 1600N 

(b) 800N (d) 3200N 


A satellite orbits the earth in a circle of radius 8000 km. At that distance from the earth g = 6.2 m/s”. The velocity 
of the satellite is 


(a) 0.90 km/s (c) 8.9 km/s 
(b) 7.0 km/s (d) impossible to find without knowing the satellite’s mass 


Supplementary Problems 


Can a body move in a curved path without being accelerated? 
In what ways, if any, do g and G change with increasing height above the earth’s surface? 


The moon’s mass is approximately 1 percent of the earth’s mass. How does the gravitational pull of the earth on the 
moon compare with the gravitational pull of the moon on the earth? 


A hole is drilled to the center of the earth, and a stone whose mass is | kg at the earth’s surface is dropped into it. 
What is the mass of the stone when it is at the earth’s center? What is its weight? 


A lasso is whirled so that the loop at its end describes a horizontal circle 5 ft in radius. If each revolution of the lasso 
requires 4 s, find the centripetal acceleration of the loop. 


A 0.02-kg ball is whirled in a horizontal circle at the end of a string 0.5 m long whose breaking strength is 1 N. 
Neglecting gravity, what is the maximum velocity the ball can have? 
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How much centripetal force is needed to keep a 4-Ib iron ball moving in a horizontal circle of radius 5 ft at a velocity 
of 15 ft/s? 


A 5000-kg airplane makes a horizontal turn 1 km in radius at a velocity of 50 m/s. How much centripetal force is 
required? 


A motorcycle begins to skid when it makes a turn of 15-m radius at a velocity of 12 m/s. What is the highest velocity 
at which it can make a turn of 30-m radius? 


What is the minimum coefficient of static friction required for a car traveling at 60 km/h to make a level turn 40 m in 
radius? 


The coefficient of static friction between a car’s tires and a certain concrete road is 1.0 when the road is dry and 0.7 
when the road is wet. If the car can safely make a certain turn at 25 mi/h on a dry day, what is the maximum velocity 


on a rainy day? 


A crate is on the floor of a truck moving at 15 m/s. If the coefficient of friction between the crate and the truck floor 
is 0.4, what is the minimum radius of a turn the truck can make without the crate slipping? 


An airplane whose velocity is 500 km/h banks at an angle of 40°. If the rudder is not used, what is the radius of the 
turn the airplane makes? 


A highway curve 250 m in radius is banked at an angle of 14°. For what velocity is the curve designed? 
Find the minimum velocity at which a car will leave the road when passing over a hump whose radius is 12 m. 


A string 1 m long is used to swing a 500-g ball in a vertical circle. What is the tension in the string at the top of the 
circle when the ball is moving at 5 m/s? 


The 200-g head of a golf club is moving at 45 m/s in a circular arc 1 m in radius. Ignoring the mass of the club’s shaft, 
how much force must the player exert on the handle of the club to keep it from flying out of his hands at the bottom 


of the swing? 


A woman swings a pail of water at constant velocity in a vertical circle 100 cm in radius. (a) If the water is not to 
spill, what is the minimum velocity the pail can have? (b) How much time per revolution is this equivalent to? 


What is the gravitational attraction between an 80-kg man and a 50-kg woman who are 2 m apart? 
What is the gravitational attraction between two 3200-lb elephants when they are 20 ft apart? 


The acceleration of gravity on the surface of Mars is 0.4g. How much will a person whose weight on the earth’s 
surface is 180 lb weigh on the surface of Mars? 


A man weighs 180 Ib on the earth’s surface. (a) What would he weigh at a distance from the center of the earth of 
three times the radius of the earth? (b) What would his mass there be? 


A 10-kg monkey is 10° m above the earth’s surface. (a) What is its weight there? (b) What is its mass there? 
Find the weight of an 80-kg person at the earth’s surface and at an altitude of 2000 km. 
At what altitude will a person’s weight be half what it is at the earth’s surface? 


Find the velocity in meters per second that an artificial earth satellite must have to pursue a circular orbit at an altitude 
of half an earth radius. 


Find the radius of a satellite orbit whose period is 12 h. 
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Answers to Multiple-Choice Questions 


91. (c) 9.8. (d) 
9.2. (a) 9.9% (a) 
9.3. (d) 9.10. (d) 
9.4. (d) 911. (a) 
9.5. (a) 9.12. (b) 
9.6. (b) 9.13. (b) 


9.7. (c) 


Answers to Supplementary Problems 


9.1. No. 
9.2. The value of g decreases; the value of G is the same everywhere in the universe. 


9.3. They are equal. 9.16. 7.6N 


9.4. 1kg:0 9.17. 0.41 kN 

9.5. 12.3 ft/s? 9.18. (a) 3.13m/s  (b) 2.008 
9.6. 5m/s 9.19. 6.67 x 10-8 N 

9.7. 5.6 1b 9.20. 8.6 x 1077 Ib 

9.8. 1.25 x 10'N 9.21. 721b 

9.9. 17 m/s 9.22. (a) 201b (b) 5.6 slugs 
9.10. 0.71 9.23. (a) 73N  (b) 10kg 
a 9.24. 784.N; 455 N 

9.12, 57m 9.25. 2650 km 

9.13. 2.35 km 9.26. 6.5 x 103 m/s 

DNAs PALS 9.27. 2.67 x 107m 


9.15. 11 m/s 


CHAPTER 10 


Rotational Motion 


ANGULAR MEASURE 


In everyday life, angles are measured in degrees, where 360° equals a full turn. An often-used unit in technology 
is the radian (rad). If a circle is drawn whose center is at the vertex of a particular angle (Fig. 10-1), the angle 0 
(Greek letter theta) in radians is equal to the ratio between the arc s cut by the angle and the radius r of the circle: 
gs 
F 
arc length 


Angle in radians = - 
radius 


<A 


Fig. 10-1 


Because the arc length of a circle of radius r is its circumference 2zrr, there are 27 rad in a complete revolution 
(rev). Hence 


1 rev = 360° = 27 rad 
and so 


1° = (27/360) rad = 0.01745 rad 1 rad = (360/277)° = 57.30° 


ANGULAR VELOCITY 


The angular velocity of a body describes how fast it is turning about an axis. If a body turns through the angle 0 
in the time f, its angular velocity w (Greek letter omega) is 


é 
o=- 
t 


angular displacement 


Angular velocity = F 
ime 
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Angular velocity is usually expressed in radians per second (rad/s), revolutions per second (rev/s or rps), and 
revolutions per minute (rev/min or rpm), where 


1 rev/s = 27 rad/s = 6.28 rad/s 


2 
1 rev/min = a rad/s = 0.105 rad/s 


The linear velocity v of a particle that moves in a circle of radius r with the uniform angular velocity w is 
given by 


v=or 


Linear velocity = (angular velocity)(radius of circle) 


This formula is valid only when w is expressed in radian measure. 


SOLVED PROBLEM 10.1 


(a) Express 6 rev in radians. (b) How many revolutions are equivalent to 10 rad? (c) How many revolutions 
are equivalent to 7/2 rad? 


(a) ie (oy becilicin Wee 
a = aoe Pm: ra 
( 360° ) 
(b) 6 = (2.5 rad) | ——— } = 143 rad 
2m rad 
(c) =n rad ( oe ) = 180° 
2a rad 

SOLVED PROBLEM 10.2 


(a) Express 8° in radians. (b) Express 2.5 rad in degrees. (c) Express z rad in degrees. 


(a) 6 = (8°)(0.01745 rad/°) = 0.14 rad 
(b) 6 = (2.5 rad)(57.3°/rad) = 143 rad 
360° ’ 
(c) 0 = (mw rad) (——) = 180 
SOLVED PROBLEM 10.3 


The shaft of a motor rotates at 1800 rev/min. Through how many radians does it turn in 18 s? 
The angular velocity in radians per second that corresponds to 1800 rev/min is 


2m rad/rev 


— 1 i =. 
q@ = (1800 rev/min) ( 60 simin 


) = 189 rad/s 


Since w = 6/t, in 18 s the shaft turns through 


6 = wt = (189 rad/s)(18 s) = 3402 rad 


SOLVED PROBLEM 10.4 


A phonograph record 30 cm in diameter turns through an angle of 200°. How far does a point on the rim 
of the record travel? 
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The first step is to find the equivalent in radians of 200°, which is 


2m rad 


6 = (200°) (—_— 
02009 (a 


) = 3.49 rad 


The radius of the record is 15 cm. Since 6 = s/r, a point on its rim travels 
s =ré = (15 cm)(3.49 rad) = 52 cm 


when it turns through 200°. 


SOLVED PROBLEM 10.5 


A wheel 80 cm in diameter turns at 120 rev/min. (a) What is the angular velocity of the wheel in radians 
per second? (b) What is the linear velocity of a point on the rim of the wheel in meters per second? 


(a) The angular velocity of the wheel is 


2m rad/rev 


@ = (120 rev/min) ( 60 s/min 


) = 12.6 rad/s 


(b) Since the radius of the wheel is r = 40 cm = 0.4 m, a point on its rim has the linear velocity 


v = or = (12.6 rad/s)(0.4 m) = 5.04 m/s 


SOLVED PROBLEM 10.6 


A steel cylinder 60 mm in radius is to be machined in a lathe. If the desired linear velocity of the cylinder’s 
surface is to be 0.7 m/s, at how many revolutions per minute should it rotate? 


From the formula v = wr we obtain, with r = 60 mm = 0.06 m, 


7 m/s 
2 Mt UTS a pial 
r 0.06 m 
and so, since | rev/min = 0.105 rad/s, 
60 s/min 


q@ = (11.7 rad/s) ( ) = 112 rev/min 


2m rad/rev 


ANGULAR ACCELERATION 


A rotating body whose angular velocity changes from wp to w ¢ in the time interval ¢ has the angular acceleration a 
(Greek letter alpha) of 


Wf — WO 
t 
angular velocity change 


a= 


Angular acceleration = 


time 
A positive value of a means that the angular velocity is increasing; a negative value means that it is decreasing. 
Only constant accelerations are considered here. 

The formulas relating the angular displacement, velocity, and acceleration of a rotating body under constant 
angular acceleration are analogous to the formulas relating linear displacement, velocity, and acceleration given 
in Chapter 3. If a body has the initial angular velocity wo, its angular velocity w+ after a time t during which its 
angular acceleration is a will be 


Of =o + at 
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and in this time it will have turned through an angular displacement of 
6=aot + Sat 
A relationship that does not involve the time ¢ directly is sometimes useful: 


w, = w, + 200 


SOLVED PROBLEM 10.7 


An engine requires 5 s to go from its idling speed of 600 rev/min to 1200 rev/min. (a) What is its angular 
acceleration? (b) How many revolutions does it make in this period? 


(a) The initial and final angular velocities of the engine are, respectively, 


2. d/ 
@o = (600 rev/min) iki aunled = 63 rad/s 
60 s/min 
= (1200 rev/min) 2m rad/rev = 126 rad/ 
of= rev/min 60aaaa J rad/s 


and so its angular acceleration is 
Wf — Wo 126 rad/s — 63 rad/s 
=> = 
t Ss 


(b) The angle through which the engine turns is 


= 12.6 rad/s” 


@ = wot + sat? = (63 rad/s)(5 s) + (4)(12.6 rad/s”)(5 s)? 
= 472.5 rad 


Since there are 27 rad in 1 rev, 


472.5 rad 


= —— = 75.2 rev 
2m rad/rev 


SOLVED PROBLEM 10.8 


A phonograph turntable initially rotating at 3.5 rad/s makes three complete turns before coming to a stop. 
(a) What is its angular acceleration? (b) How much time does it take to come to a stop? 


(a) The angle in radians that corresponds to 3 rev is 


6 = (3 rev)(2z7 rad/rev) = 67 rad 


From the formula w? = w) + 26 we find 


wo — we = 2 
eh id ie CLL eee 
26 (2) (6m rad) 


(b) Since wf = @ + at, we have here 


ee Op ~ Wo _ 0 — 3.5 rad/s =~ 108s 
a —0.325 rad/s” 


MOMENT OF INERTIA 


The rotational analog of mass is a quantity called moment of inertia. The greater the moment of inertia of a body, 
the greater its resistance to a change in its angular velocity. The value of the moment of inertia J of a body about 
a particular axis of rotation depends not only upon the body’s mass but also upon how the mass is distributed 
about the axis. 
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Let us imagine a rigid body divided into a great many small particles whose masses are m,, mz, m3, ... and 
whose distances from the axis of rotation are respectively r1, r2, 73, ... (Fig. 10-2). The moment of inertia of this 
body is given by 


I = mr? + mor + mari +--- = Emr? 


Axis of rotation 


I= mr? 


Fig. 10-2 


where the symbol & (Greek capital letter sigma) means “sum of” as before. The farther a particle is from the 
axis of rotation, the more it contributes to the moment of inertia. The units of J are kg-m? and slug-ft?. Some 
examples of moments of inertia of bodies of mass M are shown in Fig. 10-3. They were determined by using 
calculus to perform the summations. 


Hoop or thin-walled hollow cylinder Solid disk or cylinder Solid sphere 
| 
Axis of R 
rotation 
R T= MR? R I= 5 MR I= 5 MR 


Thin rod, axis through center Thin rod, axis through end 


Fig. 10-3 


TORQUE 


The torque t (Greek letter tau) exerted by a force on a body is a measure of its effectiveness in turning the body 
about a certain pivot point. The moment arm of a force F about a pivot point O is the perpendicular distance L 
between the line of action of the force and O (Fig. 10-4). The torque t exerted by the force about O has the 
magnitude 


Tt=FL 


Torque = (force)(moment arm) 
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N > 
L 
L 4 
(a) Ay, 
(0) 
\ 
L \ 
\\ 
ZS \ 
| 
J} y, y F 
L=0 
(c) F (d) 


Fig. 10-4. Four directions along which a force F can be applied to a wrench. In (a) the moment arm L is longest, hence the 
torque t = FL is a maximum. In (d) the line of action of F passes through the pivot O, so L = 0 and t = 0. 


The torque exerted by a force is also known as the moment of the force. A force whose line of action passes 
through O produces no torque about O because its moment arm is zero. 

Torque plays the same role in rotational motion that force plays in linear motion. A net force F acting on a 
body of mass m causes it to undergo the linear acceleration a in accordance with Newton’s second law of motion 
F = ma. Similarly a net torque t acting on a body of moment of inertia J causes it to undergo the angular 
acceleration a (in rad/s”) in accordance with the formula 

t=Tla 
Torque = (moment of inertia)(angular acceleration) 


In the SI system, the unit of torque is the newton-meter (N-m); in the British system, it is the pound-foot 
(lb-ft). 


SOLVED PROBLEM 10.9 


The radius of gyration of a body about a particular axis is the distance from that axis to a point at which 
the body’s entire mass may be considered to be concentrated. Thus the moment of inertia of a body of 
mass M and radius of gyration k is 1 = Mk?. (a) The radius of gyration of a hollow sphere of radius R and 
mass M isk = ER. What is its moment of inertia? (b) Find the radius of gyration of a solid sphere. 


5) 2 
(a) 1=Mk = u( 2") = 3MR° 


(b) From Fig. 10-3 the moment of inertia of a solid sphere is J = 2MR°. Hence its radius of gyration is 


[I 2 MR? [2 
k= md => R 
M 5 M 5 


SOLVED PROBLEM 10.10 
The radius of gyration of a 200-1b flywheel is 1 ft. Find its moment of inertia. 
The mass of the flywheel is M = w/g = 200 lb/(32 ft/s”) = 6.25 slugs, and so its moment of inertia is 


I = MK? = (6.25 slugs)(1 ft)” = 6.25 slug-ft” 
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SOLVED PROBLEM 10.11 


The starting cord of an outboard motor is wound around a pulley 18 cm in diameter that is attached to the 


motor’s crankshaft. How much torque is applied to the crankshaft when the cord is pulled with a force of 
50 N? 


Here the moment arm of the force is the pulley’s radius of 9 cm = 0.09 m. The torque is therefore 


t = Fr = (50N)(0.09 m) = 4.5 N-m 


SOLVED PROBLEM 10.12 


A flywheel whose moment of inertia is 6 kg-m? is acted upon by a constant torque of 50 N-m. (a) What 
is its angular acceleration? (b) How long does it take to go from rest to a velocity of 90 rad/s? 


T 50 N-m 


(a) UGS aaa fea 


= 8.33 rad/s” 
_ Wf — WO _ 90 rad/s 


b t= = = 10.8 
(®) a 8.33 rad/s? : 


SOLVED PROBLEM 10.13 


The winding drum of an elevator is 4 ft in diameter. (a) At how many revolutions per minute should the 
drum rotate in order to raise the cab at 500 ft/min? (b) If the total load is 2 tons, how much torque is 


required? 
(a) Since 
500 ft/min 
= —— = 8.33 f 
. 60 s/min pee te 
the angular velocity of the drum must be 
pe epi 
2 ft 
which is 
pas (8) 55S tevinin 
27 rad/rev 


(b) Since 1 ton = 2000 Ib, the required torque is 


t = Fr = (4000 lb)(2 ft) = 8000 lb-ft 


ROTATIONAL ENERGY AND WORK 
The kinetic energy of a body of moment of inertia J whose angular velocity is w (in rad/s) is 
KE = $1 wo 


Kinetic energy = (3)(moment of inertia)(angular velocity)” 


The work done by a constant torque t that acts on a body while it experiences the angular displacement 0 
rad is 


W=t10 


Work = (torque)(angular displacement) 
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The rate at which work is being done when a torque T acts on a body that rotates at the constant angular velocity 
@ rad/s is 


P=Tw 


Power = (torque)(angular velocity) 


SOLVED PROBLEM 10.14 


(a) Find the moment of inertia of a 1-kg phonograph turntable that is 34 cm in diameter. (b) What is its 
kinetic energy when it rotates at 45 rev/min? 


(a) The radius of the turntable is R = 17 cm = 0.17 m. Assuming that the turntable is a solid disk, we find for its 
moment of inertia 


Lagp2 1 
T= 5MR = (;5)(1 kg)(0.17 m)* = 0.0145 kg-m? 
(b) The angular velocity of the turntable is 


2m rad/rev 


@ = (45 rev/min) : 
60 s/min 


) = 4.71 rad/s 
and so its kinetic energy is 


KE = $/@* = (4)(0.0145 kg-m’)(4.73 rad/s)* = 0.162 J 


(Note that 1 kg-m?/s? = 1 Nm=1J.) 


SOLVED PROBLEM 10.15 


A flywheel of moment of inertia 10 slug-ft? is rotating at 90 rad/s. (a) What constant torque is required 
to slow it down to 40 rad/s in 20 s? (b) What is the angular displacement of the flywheel while it is being 
slowed down? (c) How much kinetic energy is lost by the flywheel? 
a a OF _ 40-90) rads gn 

t 20s 


The minus sign means that w is decreasing. The required torque is 


t = Ia = (10 slug-ft”)(—2.5 rad/s”) = —25 lb-ft 
(b) Either 9 = wot + Sat? or oF = w), + 2a can be used to find 6. From the first formula, 
0 = wot + dat? = (90 rad/s)(20 s) — 4 (2.5 rad/s*)(20 s)? = 1300 rad 
(c) The KE lost by the flywheel appears as work done against the applied torque. Hence 
A KE= W = 716 = —(25 lb-ft)(1300 rad) = —3.25 x 10° ft-lb 
As acheck, we can find A KE directly: 


A KE 


KE; — KEo = $1 (w — a) 


(10 slug-ft?)[(40 rad/s)? — (90 rad/s)?] = —3.25 x 10? ft-lb 


SOLVED PROBLEM 10.16 


A solid cylinder rolls from rest down an inclined plane 1.2 m high without slipping. What is its linear 
velocity at the foot of the plane? 
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The potential energy of the cylinder at the top of the plane is PE = mgh. At the foot of the plane it has both 
the kinetic energy of translation smv> and the kinetic energy of rotation iI @”, and its total KE then is equal to its 


initial PE: 
PE = KE 
mgh = imy? + Slo 


Because the cylinder rolls without slipping, its linear and angular velocities are related by v = wR, sow = v/R. 
The moment of inertia of a solid cylinder is J = smR?. Hence 


and the energy equation becomes 


mgh = Amv? + imy 


3 2 
5 = 


mv 


4 


Thus two-thirds of the cylinder’s KE resides in its translational motion and one-third in its rotational motion. Solving 
for v yields 


4 4 ; 
v= yf 38h = V5.8 m/s?)(1.2 m) = 3.96 mis 


SOLVED PROBLEM 10.17 
Find the minimum horsepower needed for the motor of the elevator of Prob. 10.13. 
The required power can be calculated both from P = Fv and from P = tw: 
P = Fv = (4000 lb)(8.33 ft/s) = 3.34 x 10* ft-lb/s 
P = tw = (8000 lb-ft)(4.17 rad/s) = 3.34 x 10* ft-Ib/s 
Since | hp = 550 ft-Ib/s, 


3.34 x 10* ft-lb/s 


= 60.6h 
(550 ft-lb/s)/hp . 


SOLVED PROBLEM 10.18 


A marine diesel engine develops 90 kW at 2000 rev/min. (a) How much torque can it exert at this velocity? 
(b) The engine delivers its power through a spur gear 23 cm in radius. If two teeth of the gear transmit 
torque to another gear at a certain moment, find the force on each gear tooth. 


(a) The angular velocity here is 


. 2m rad/rev 
q@ = (2000 rev/min) { ————— ] = 209 rad/s 
60 s/min 
Hence the torque is 
P W 
t= —= eA = 431 N-m 
@ 210 rad/s 
(b) Since t = Fr, the total force is 
t 429 N-m 
= -— = ——— =1874N 

r 0.23 m 


Each of the two gear teeth in contact with the driven gear exerts a force of half this amount, or 932 N. 
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SOLVED PROBLEM 10.19 


An air compressor is powered by a 200 rad/s electric motor using a V-belt drive. The motor pulley is 8 cm 
in radius, and the tension in the V-belt is 135 N on one side and 45 N on the other. Find the power of the 
motor. 


The torque exerted by the motor on the belt is, since the net force on the belt is the difference between the two 
tensions, 


t = Fr = (135 N—45N)(0.08 m) = 7.2N-m 
The power output of the motor is therefore 


P = tw = (7.2 N-m)(200 rad/s) = 1440 W = 1.44 kW 


ANGULAR MOMENTUM 


The equivalent of linear momentum in rotational motion is angular momentum. The angular momentum L of a 
rotating body has the magnitude 


L=TIo 


Angular momentum = (moment of inertia)(angular velocity) 


The greater the angular momentum of a spinning object, such as a top, the greater its tendency to continue to 
spin. 

Like linear momentum, angular momentum is a vector quantity with direction as well as magnitude. The 
direction of the angular momentum of a rotating body is given by the right-hand rule (Fig. 10-5): When the 
fingers of the right hand are curled in the direction of rotation, the thumb points in the direction of L. 


According to the principle of conservation of angular momentum, the total angular momentum of a 
system of bodies remains constant in the absence of a net torque regardless of what happens within the 
system. 

Skaters performing a spin make use of conservation of angular momentum. They begin to turn with arms 
and one leg outstretched and then bring them in close to the body to distribute the body’s mass nearer to the axis 
of rotation, thereby decreasing the moment of inertia 7. Since L must remain constant, the angular velocity w 
increases. 

Because angular momentum is a vector quantity, its conservation implies that the direction of the axis of 
rotation tends to remain unchanged. For this reason a spinning top stays upright, whereas a stationary one falls 
over immediately. 

Table 10.1 compares linear and angular quantities. 
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Table 10-1 Comparison of Linear and Angular Quantities 


Linear Quantity Angular Quantity 


Distance S=vot+ sat? Angle 6 =aot + sat? 


s= myerne t 6 = | ——— Jt 
2, 2 
Velocity v=vo+at Angular velocity O=a+at 
v? = vo + 2as w = w+ 200 


Acceleration a= Av/At Angular acceleration a = Aw/At 
Mass m Moment of inertia 

Force F =ma Torque 

Momentum p=mv Angular momentum 

Work W=Fs Work 

Power P=Fy Power 


. . 1 2 . . 
Kinetic energy KE= 5mv Kinetic energy 


SOLVED PROBLEM 10.20 
Why do all helicopters have two propellers? 


If a single propeller were used, the helicopter itself would have to rotate in the opposite direction in order to 
conserve angular momentum. 


SOLVED PROBLEM 10.21 


A skater is spinning at 1 rev/s with her arms outstretched so that her moment of inertia is 2.4 kg-m”. She 
then pulls her arms to her sides, which reduces her moment of inertia to 1.2 kg-m”. (a) What is her new 
angular velocity? (b) How much work did she have to perform to pull her arms in? 


(a) From conservation of angular momentum, 


Ia, = Thaw 
I 2.4 kg-m? 
@, = —@, = (1 rev/s) = 2 rev/s 
L 1.2 kg-m? 


The skater spins twice as fast as before. 


(b) The work done equals the difference between the initial and final kinetic energies of rotation. To find the KE 
values, the rad/s must be used as the unit of angular velocity. We have 


@, = (1 rev/s)(27 rad/rev) = 27 rad/s 


@) = (2 rev/s)(27 rad/rev) = 47 rad/s 


and so 


KE; = shot = 5(2.4 kg-m’)(2z rad/s)? = 47 J 


KE) = $103 = $(1.2 kg-m’)(4m rad/s)? = 95 J 
The work done is therefore 


W = KE, — KE; = 95 J —47J =48]J 
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10.4. 


10.5. 
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10.8. 
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10.10. 


10.11. 


Multiple-Choice Questions 


A particle the distance R from the axis of rotation of a spinning body has 


(a) an angular velocity proportional to R 
(b) an angular velocity proportional to 1/R 
(c) a linear velocity proportional to R 

(d) a linear velocity proportional to 1/R 


A hoop and a disk of the same mass and radius roll down an inclined plane. At the bottom they have the same 

(a) angular velocity (c) KE of rotation 

(b) angular momentum (d) potential energy 

A ball is swung in a circle at the end of a string. A property of the ball that does not depend on the length of the 
string is its 

(a) angular velocity (c) _ linear velocity 

(b) angular momentum (d) centripetal acceleration 

The ball of Question 10.3 does not have to possess 

(a) angular velocity (c) angular acceleration 

(b) angular momentum (d) centripetal acceleration 

A quarter of a circle contains 

(a) m/4rad (c) mrad 

(b) m/2rad (d) 2m rad 

An angle of 7/18 rad is equivalent to 

(a) 10° (c) 20° 

(b) 18° (d) 36° 

The linear velocity of the rim of a wheel 80 cm in diameter when the wheel turns at 90 rev/min is 

(a) 0.67 m/s (c) 1.52 m/s 

(b) 1.22 m/s (d) 2.47 m/s 

In 30 s the crankshaft of a truck engine operating at 2400 rev/min turns through 

(a) 382 rad (c) 3770 rad 

(b) 1200 rad (d) 7540 rad 

A pulley is uniformly accelerated from rest to an angular velocity of 30 rad/s in 8.0 s. The total angle through which 
the pulley turned during the acceleration is 

(a) 60rad (c) 240 rad 

(b) 120 rad (d) 3600 rad 

A motor takes 6.0 s to go from 150 to 50 rad/s at constant angular acceleration. The total angle through which the 
motor’s shaft turned during the acceleration is 

(a) 300 rad (c) 1200 rad 

(b) 600 rad (d) 3600 rad 

A solid iron cylinder A rolls down a ramp, and an identical iron cylinder B slides down the same ramp without 
friction. 


(a) A reaches the bottom first. 
(b) B reaches the bottom first. 
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(c) A and B reach the bottom together. 
(d) Any of the above, depending on the angle of the ramp. 


When the cylinders of Question 10.11 reach the bottom of the ramp, 


(a) the KE of A is more than the KE of B 

(b) the KE of B is more than the KE of A 

(c) A and B have the same KE 

(d) any of the above, depending on the angle of the ramp 


A solid wooden disk rolls down a ramp. The center of the disk is then cut out, and the resulting doughnut rolls down 
the same ramp. At the bottom of the ramp the doughnut’s velocity is 


(a) less than that of the solid disk 

(b) the same as that of the solid disk 

(c) greater than that of the solid disk 

(d) any of the above, depending on the angle of the ramp 


A flywheel whose moment of inertia is 4.0 kg-m? is acted on by a torque of 50 N-m. Six seconds after starting from 
an angular velocity of 40 rad/s the flywheel will have turned through 

(a) 225 rad (c) 465 rad 

(b) 315 rad (d) 3053 rad 

The KE of the flywheel of Question 10.14 will have increased by 

(a) 8.05 kJ (c) 23.25 kJ 

(b) 11.25kJ (d) 26.45 kJ 

The torque needed to bring a turbine whose moment of inertia is 60 slug-ft” to rest in 12 s from an initial angular 
velocity of 80 rad/s is 

(a) 9 lb-ft (c) 200 lb-ft 

(b) 16 lb-ft (d) 400 lb-ft 

A 5.0-N force acts tangentially on the rim of a wheel of radius 36 cm. Starting from rest, the wheel makes 10 rev in 
4.0 s. The moment of inertia of the wheel is 

(a) 0.11 kg-m?* (c) 0.46 kg-m? 

(b) 0.23 kg-m? (d) 1.44kg-m? 

An engine turning at 3000 rev/min develops 75 kW. The torque on the engine’s shaft 


(a) is2.6N-m (c) is 239N-m 
(b) is25N-m (d) depends on the shaft radius 


Supplementary Problems 


Two identical balls move down an inclined plane. Ball A slides down without friction and ball B rolls down. Do the 
balls reach the bottom together? If not, which is first? Why? 


An aluminum cylinder of radius R, a lead cylinder of radius R, and a lead cylinder of radius 2R all roll down the 
same inclined plane. In what order will they reach the bottom? 


A square and a rectangle of the same mass are cut from a sheet of metal. Which has the greater moment of inertia 
about a perpendicular axis through its center? 


(a) Express 12.5 rev in radians. (b) Express 0.2 rad in revolutions. (c) Express 3z rad in revolutions. 
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(a) Express 32° in radians. (b) Express 4.8 rad in degrees. (c) Express 2/8 rad in degrees. 
The minute hand of a clock is 40 cm long. How many centimeters does its tip move in 25 min? 


A drill bit 5 in. in diameter is turning at 400 rev/min. (a) What is its angular velocity in radians per second? (b) What 


is the linear velocity in feet per second of a point on its circumference? 


The teeth of a certain circular saw blade are supposed to move at 15 m/s. If the blade is 60 cm in radius, at how many 
revolutions per minute should it turn? 


A car whose tires have radii of 50 cm travels at 20 km/h. What is the angular velocity of the tires? 


The earth’s radius is 6.4 x 10° m. (a) Through how many radians does the earth turn in 1 year? (b) How far does a 
point on the equator move in 1 year owing to this rotation? 


A grindstone that is rotating at 2000 rev/min requires 50 s to come to a stop when its motor is switched off. (a) Find 
the angular acceleration of the grindstone. (b) How many radians does it turn through before stopping? (c) Through 
how many revolutions? 


A wheel rotating at 20 rev/s is brought to rest by a constant torque in 12 s. How many revolutions does it make in 
this time? 


The propeller of a ship makes 300 rev while its speed increases from 200 to 500 rev/min. (a) What is its angular 
acceleration? (b) How much time did the increase in speed require? 


The mass and radius of the earth are, respectively, 6 x 1074 kg and 6.4 x 10° m. Assuming that it is a sphere of 
uniform density (which is not the case, since the earth’s metallic core has a greater density than the mantle of rock 
around it), find the moment of inertia of the earth. 


The moment of inertia of a 45-kg grindstone is 5 kg-m’. Find its radius of gyration. 


A solid cylinder and a hollow cylinder of the same mass and diameter, both initially at rest, roll down the same 
inclined plane without slipping. (a) Which reaches the bottom first? (b) How do their kinetic energies at the bottom 
compare? 


A bowling ball rolling at 8 m/s begins to move up an inclined plane. What height does it reach? 


A certain engine develops 40 hp at 1000 rev/min and 65 hp at 1600 rev/min. At which angular velocity does it 
produce the greatest torque? 


The alternator on a truck engine produces 350 W of electric power when it rotates at 4000 rev/min. If it is 95 percent 
efficient, what should the difference (in newtons) between the tensions in the tight and slack parts of its V-belt drive 
be? The diameter of the alternator’s pulley is 10 cm. 


The anchor windlass of a boat is required to pull a load of 400 Ib at 2 ft/s. (a) How many horsepower are required? 
(b) If the windlass drum is 8 in. in diameter, at how many revolutions per minute should it turn? (c) What torque is 
developed by the drum? 


A constant frictional torque of 200 N-m is applied to a turbine initially rotating at 120 rad/s, and it comes to a stop 
in 80 s. What is the turbine’s moment of inertia? 


A rotating cylindrical flywheel of mass | x 10° kg and radius 2 m has been proposed for energy storage. (2) What 
is its KE when it rotates at 400 rad/s? (b) For how many hours can it supply energy at the rate of 1 MW? 


A wheel whose moment of inertia is 2 kg-m? has an initial angular velocity of 50 rad/s. (a) If a constant torque of 
10 N-m acts on the wheel, how long does it take to be accelerated to 80 rad/s? (b) By how much does its kinetic 
energy increase? 
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10.24. 


10.25. 


10.1. 


10.2. 


10.3. 


10.4. 


10.5. 


10.6. 


10.7. 


10.8. 


10.9. 


10.1. 


10.2. 


10.3. 


10.4. 


10.5. 


10.6. 


10.7. 


10.8. 


10.9. 
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A wheel whose moment of inertia is 0.4 slug-ft’ is rotating at 1500 rev/min. (a) What constant torque is required 
to increase its angular velocity to 2000 rev/min in 8s? (b) How many turns does the wheel make while it is being 
accelerated? (c) How much work is done on the wheel? 

A disk whose moment of inertia is | kg-m? is rotating at 100 rad/s. This disk is pressed against a similar disk that is 


able to rotate freely but is initially at rest. The two disks stick together and rotate as a unit. (a) Find the final angular 
velocity of the combination. (b) How much energy was lost to friction when the disks were brought together? 


Answers to Multiple-Choice Questions 


(c) 10.10. (b) 
(d) 10.11. (b) 
(a) 10.12. (c) 
(c) 10.13. (a) 
(b) 10.14. (c) 
(a) 10.15. (c) 
(b) 10.16. (d) 
(d) 10.17. (b) 


(b) 10.18. (c) 


Answers to Supplementary Problems 


Ball A reaches the bottom first because all of its initial PE becomes KE of linear motion. Part of ball B’s initial PE 
becomes KE of rotation, so there is less PE available to become KE of linear motion. As a result, B moves more 
slowly downward than A. 

They will reach the bottom at the same time. 

The rectangle. 

(a) 78.5 rad (b) 0.032 rev (c) 1.5 rev 

(a) 0.558 rad (b) 275° (c) 22.5° 

105 cm 

(a) 42 rad/s (b) 0.875 ft/s 


238 rev/min 


11.1 rad/s 
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10.10. 


10.11. 


10.12. 


10.13. 


10.14. 


10.15. 


10.16. 


10.17. 


10.18. 


10.19. 


10.20. 


10.21. 


10.22. 


10.23. 


10.24. 


10.25. 


(a) 2293 rad (b) 1.47 x 10!°m 

(a) —4.2 rad/s? (b) 5250 rad (c) 836 rev 
120 rev 

(a) 0.614 rad/s? (b) 51.38 

9.8 x 10°7 kg-m? 

33 cm 


(a) The solid cylinder reaches the bottom first because less of its total kinetic energy is KE of rotation. 


(b) The total kinetic energies of the cylinders are the same since they had the same potential energies at the top of 
the plane. 


4.57 m 

1600 rev/min 

17.5N 

(a) 1.45 hp (b) 57 rev/min (c) 133 lb-ft 

133 kg-m? 

(a) 1.6 x 10!°J (b) 44h 

(a) 6s (b) 3900J 

(a) 2.63 lb-ft (b) 234 turns (c) 3.86 x 10° ft-lb 


(a) 50 rad/s (b) 2500J 


Equilibrium 


TRANSLATIONAL EQUILIBRIUM 


A body is in translational equilibrium when no net force acts on it. Such a body is not accelerated, and it remains 
either at rest or in motion at constant velocity along a straight line, whichever its initial state was. 

A body in translational equilibrium may have forces acting on it, but they must be such that their vector sum 
is zero. Thus the condition for the translational equilibrium of a body may be written 


xuF=0 


where (as before) the symbol & (Greek capital letter sigma) means “sum of” and F refers to the various forces 
that act on the body. 
The procedure for working out a problem that involves translational equilibrium has three steps: 


1. Draw a diagram of the forces that act on the body. As mentioned in Chapter 5, this is called a free-body 
diagram. 


2. Choose a set of coordinate axes and resolve the various forces into their components along these axes. 


3. Set the sum of the force components along each axis equal to zero so that 


Sum of x force components = X F, = 0 
Sum of y force components = & F, = 0 


Sum of z force components = & F, = 0 


In this way the vector equation UF = 0 is replaced by three scalar equations. Then solve the resulting 
equations for the unknown quantities. 


A proper choice of directions for the axes often simplifies the calculations. When all the forces lie in a plane, 
for instance, the coordinate system can be chosen so that the x and y axes lie in the plane; then the two equations 
x F, = 0 and 2 F, = 0 are enough to express the condition for translational equilibrium. 


SOLVED PROBLEM 11.1 


A 100-N box is suspended from two ropes that each make an angle of 40° with the vertical. Find the 
tension in each rope. 
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The forces that act on the box are shown in the free-body diagram of Fig. 11-1(a). They are 
T, = tension in left-hand rope 
T, = tension in right-hand rope 


w = weight of box, which acts downward 


() 
Fig. 11-1 


Since the forces all lie in a plane, we need only x and y axes. In Fig. 11-1(b) the forces are resolved into their x and 
y components, whose magnitudes are as follows: 


Tix = —T, sin6; = —T, sin40° = —0.6437, 
T\y = T, cos 6, = T, cos 40° = 0.7667; 
Thy = T, sin, = T, sin 40° = 0.6437, 
Thy = T) cos 62 = Tz cos 40° = 0.7667) 
w =—100N 


Because T,, and w are, respectively, in the —x and —y directions, both have negative magnitudes. 
Now we are ready for step 3. First we add the x components of the forces and set the sum equal to zero. This 
yields 


uF, = Tix + Thy =0 
—0.643T, + 0.6437, = 0 
T, = Ty =f 


Evidently the tensions in the two ropes are equal. Next we do the same for the y components: 


EF, = Ty + Thy +w =0 
0.7667; + 0.7667; — 100 N = 0 


0.766(7; + T,) = 100N 


100 N 


Since 7; = T, = T, 


T, + Th = 2T = 130.5N 
T =65N 


The tension in each rope is 65 N. 
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SOLVED PROBLEM 11.2 


A 500-kg load is suspended from the end of a horizontal boom, as in Fig. 11-2(a). The angle between the 
boom and the cable supporting its end is 45°. Assuming that the boom’s mass can be neglected compared 
with that of the load, find (a) the tension in the cable and (b) the inward force the boom exerts on the wall. 


T, = —T cos @ 
T,=T sin @ T, 


(a) (6) (c) 
Fig. 11-2 


(a) The three forces that act on the end of the boom are the weight w of the load, the tension T in the cable, and 
the outward force F exerted by the boom. A free-body diagram of these forces is shown in Fig. 11-2(b). The x 
and y components of these forces have the magnitudes 


T, = —T cos6 = —T cos 45° = —0.707T 


T, 


T sind = T sin45° = 0.707T 
w = —mg = —(500 kg)(9.8 m/s”) = —4900 N 
F=? 
The condition for translational equilibrium in the y (vertical) direction yields 
“Fy =Ty+w=0 


0.707T — 4900 N = 0 


_ 4900 N 
~ 0.707 


(b) To find the inward force the boom exerts on the wall, we start with the condition for equilibrium in the x 
(horizontal) direction: 


= 6930 N 


—0.707T + F =0 
F = 0.707T = (0.707)(6930 N) = 4900 N 


The inward force on the wall must have the same magnitude as the outward force on the load; hence, the inward 
force is also equal to 4900 N. 


SOLVED PROBLEM 11.3 


A 50-lb box is suspended by a rope from the ceiling. If a horizontal force of 20 lb is applied to the box, 
what angle will the rope make with the vertical? 
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A free-body diagram of the forces acting on the box is shown in Fig. 11-3(a), and the forces are resolved into 
components in Fig. 11-3(b). The x and y components of the forces are 


T, = —T sin@ T, = T cos@ 
F =201b w = —50 Ib 
T, = —T sin @ 
T,=T cos @ 
T; He 
F 
T, 
w 
(4) 
Fig. 11-3 
Applying the conditions for equilibrium yields 
: ; 20 Ib 
LF, =T,+F =0 —T sind + 20 lb=0 sin@ = —— 
50 Ib 
xF, =T,+w=0 T cos@ — 50 lb =0 cos? = — 
If we divide the expression for sin @ by that for cos 6, the T’s cancel to give 
sind 201b/T  201b 
= = = — =0.40 


= tand = = 
cos 0 50 Ib/T 50 Ib 


The angle whose tangent is nearest to 0.40 is 22°, and so 0 = 22°. 


SOLVED PROBLEM 11.4 


To move a heavy crate across a floor, one end of a rope is tied to it and the other end is tied to a wall 
10 m away. When a force of 400 N is applied to the midpoint of the rope, the rope stretches so that the 
midpoint moves to the side by 60 cm. What is the force on the crate? 


The first step is to find the angle 6 between either part of the rope and a straight line between the crate and the 
point of attachment of the rope to the wall. With the help of Fig. 11-4(a) we find that 


BifG = OE 9 6 = 6.8° 
5m 


Figure 11-4(b) is a free-body diagram of the forces acting on the midpoint of the rope; T,; and T, are the tensions 
in the two parts of the rope, and F = —400 N is the applied force. These forces are resolved in Fig. 11-4(c). Since 
Tl =1)=T, 


Tiy = Th, =T sin6d =T sin6.8° = 0.118T 
At equilibrium 
LF, =Tiy + Ihy+F =0 
(2)(0.1187) — 400 N = 0 
T = 1695N 
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(c) 
Fig. 11-4 
The tension in the rope provides the force applied to the crate. We note that the force on the crate exceeds the force ap- 
plied to the rope, which is why this arrangement is used instead of simply applying the 400-N force to the crate directly. 


SOLVED PROBLEM 11.5 


A boom hinged at the base of a vertical mast is used to lift a weight of 8000 N, as in Fig. 11-5(a). Find 
the tension in the cable from the top of the mast to the top of the boom. 


We begin by finding angles 6, and 63. Since the sum of the interior angles of a triangle is always 180°, 
6, = 180° — 40° — 65° = 75° 
Because the mast is vertical, it makes a 90° angle with the ground, and so 


02 = 90° — 40° = 50° 


(6) 


Fig. 11-5 
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We now let the x axis be in the direction of the boom with the y axis perpendicular to it, as in Fig. 11-5(b). Since 


the boom is rigid, we need consider only the translational equilibrium of its upper end in the y direction. The angle 
between T and the y axis is 90° — 75° = 15°, and so 


T, = T cos 15° = 0.966T 
The component of the weight w in the y direction is 
wy = —(8000 N)(cos 50°) = —5142 N 
At equilibrium 


UF, =T, +wy =0 0.966T — 5142N=0 T = 5323N 


ROTATIONAL EQUILIBRIUM 


When the lines of action of the forces that act on a body in translational equilibrium intersect at a common point, 
they have no tendency to turn the body. Such forces are said to be concurrent. When the lines of action do not 


intersect, the forces are nonconcurrent and exert a net torque that acts to turn the body even though the resultant 
of the forces is zero (Fig. 11-6). 


F, F, 


F, 


Concurrent forces Nonconcurrent forces 


Fig. 11-6 


A body is in rotational equilibrium when no net torque acts on it. Such a body remains in its initial rotational 


state, either not spinning at all or spinning at a constant rate. The condition for the rotational equilibrium of a 
body may therefore be written 


xut=0 


where XT refers to the sum of the torques acting on the body about any point. 
A torque that tends to cause a counterclockwise rotation when it is viewed from a given direction is considered 
positive; a torque that tends to cause a clockwise rotation is considered negative (Fig. 11-7). 


T= +FL 


Fig. 11-7 


To investigate the rotational equilibrium of a body, any convenient point may be used as the pivot point for 


calculating torques; if the sum of the torques on a body in translational equilibrium is zero about some point, it 
is zero about any other point. 
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CENTER OF GRAVITY 


The center of gravity of a body is that point at which the body’s entire weight can be regarded as being 
concentrated. A body can be suspended in any orientation from its center of gravity without tending to rotate. In 
analyzing the equilibrium of a body, its weight can be considered as a downward force acting from its center of 
gravity. 


SOLVED PROBLEM 11.6 


(a) Under what circumstances is it necessary to consider torques in analyzing an equilibrium situation? 
(b) About what point should torques be calculated when this is necessary? 


(a) Torques must be considered when the various forces that act on the body are nonconcurrent, that is, when their 
lines of action do not intersect at a common point. 


(b) Torques may be calculated about any point whatever for the purpose of determining the equilibrium of the 
body. Hence it makes sense to use a point that minimizes the labor involved, which usually is the point through 
which pass the maximum number of lines of action of the various forces; this is because a force whose line of 
action passes through a point exerts no torque about that point. 


SOLVED PROBLEM 11.7 


A beam 3 m long has a weight of 200 N at one end and another weight of 80 N at the other end. The 
weight of the beam itself is negligible. Find the balance point of the beam. 


When the beam is supported at its balance point, the torques of the two weights cancel, and the beam has no 
tendency to rotate. The supporting force F exerts no torque since it acts through the balance point. If the balance 
point is the distance x from the 200-N weight, as in Fig. 11-8, it is the distance 3 m — x from the 80-N weight. Since 
the beam is horizontal, the moment arms of the weights are, respectively, x and 3 m — x, and the torques the weights 
exert about the balance point O are 


Ty =w Ll, = 200x N M= WoL, = 80(3 m x)N 


F=w,+w2 = 280N 


3m—-x 


w, = 200 N 


Fig. 11-8 


The torque tT; is positive because it tends to cause a counterclockwise rotation; the torque T2 is negative because it 
tends to cause a clockwise rotation. The condition for rotational equilibrium yields 


“Lt =t1+m=0 
200x N — 80(33 m— x) N=0 
200x N = 240 N-m — 80x N 
280x N = 240N-m 
x = 0.86 m = 86cm 
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SOLVED PROBLEM 11.8 


A 4-m wooden platform weighing 160 N is suspended from the roof of a house by ropes attached to its 
ends. A painter weighing 640 N stands 1.2 m from the left-hand end of the platform. Find the tension in 
each of the ropes. 


With the left-hand end of the platform as the pivot point and the weight w2 of the platform acting from its center 
of gravity in the middle (Fig. 11-9), the condition for rotational equilibrium yields 
Xt = —w,L; —wol,+ hl; = 0 
—(640 N)(1.2 m) — (160 N)(2m) + 47% m = 0 
4T, m = 768 N-m+ 320 N-m = 1088 N-m 
T, = 272N 


To find 7, we proceed as follows: 


T, + Th Wi +w2 


T; = 640N + 160 N — 272 N = 528N 


Fig. 11-9 


SOLVED PROBLEM 11.9 


A cantilever is a beam that projects beyond its supports, such as a diving board. Figure 11-10 shows a 
30-kg diving board 3.6 m long that has a 50-kg woman standing at its end. The board’s supports are 1.0 m 
apart. Find the force that each support exerts. 


First we calculate the downward force F\ on the left-hand support. The easiest way to do this is to calculate 
torques about the other support, since we do not yet know the value of F. If the board is uniform, its center of gravity 
is at its center, and so 

x, =10m w, =mg = 30kg)(9.8 m/s’) = 294N 
X2 = 0.8m w= mg = (50kg)(9.8 m/s”) = 490 N 


XxX3 = 2.8m 
The three torques that act about the right-hand support are 
Y= +F ix = +(F))(1.0 m) = 1.0F; m 


t = —w1Xx2 = —(294 N)(0.8 m) = —235 N-m 
3 = —Wox3 = —(490 N)(2.8 m) = —1372 N-m 
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| ¥ 


x1 x 


Fig. 11-10 


The condition for rotational equilibrium then gives 


LTH +H+R=0 
1.0F, m — 235 N-m — 1372 N-m = 0 
_ 1607N-m 


Fi = = 1607N 
1.0m 


To find F, the upward force exerted by the right-hand support, we consider the translational equilibrium of the 
system of board plus woman: 


uF 


—F,/+ Fy —w,—-w2 
Fy = Fi + wi +we = 1607N + 294N-+ 490 N = 2391 N 


SOLVED PROBLEM 11.10 


A horizontal boom 2.4 m long is attached to a wall at its inner end and is supported at its outer end by 
a cable that makes an angle of 30° with the boom. The boom weighs 200 N, and a load of 1500 N is 
attached to its outer end. Find (a) the tension in the cable and (b) the compression force in the boom. 


(a) Four forces act on the boom, as in Fig. 11-11: the load w, at its outer end, the boom’s own weight wy, that acts 
from its center, the tension T in the cable, and the force F that the wall exerts on the inner end of the boom. We 
can disregard F by calculating torques about the inner end of the boom. It simplifies matters to use the vertical 
component T,, of the tension in the cable instead of T, since the moment arm of T,, is the boom’s length L,. The 
horizontal component of the tension T,, exerts no torque about O because its line of action passes through O. The 
torques exerted by the load w,, the boom’s weight wz, and the vertical component of tension T, are, respectively, 


T = w,L, = (1500 N)(2.4 m) = 3600 N-m 
T. = W2L. = (200 N)(1.2 m) = 240 N-m 
3 = —T,L,; = —2AT sin30°m=—1.2Tm 


For the boom to be in equilibrium, 


Lt = y+H+R3 =O0 
3600 N-m + 240 N-m — 1.27 m = 0 
_ 3840 N-m 


= 3200 N 
1.2m 
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T,=T cos 0 
T,=T sin 6 


I 7 - 
(a) (b) 
Fig. 11-11 
(b) The compression force F, in the boom is equal in magnitude to the horizontal component of the cable tension T. 
Thus 
F,, = T cos@ = (3200 N)(cos 30°) = 2771 N 
SOLVED PROBLEM 11.11 


A gate 1.8 m long and 1.2 m high has hinges at the top and bottom of one edge. (a) If the entire 300-N 
weight of the gate is supported by the lower hinge, find the force the gate exerts on the upper hinge. 
(b) Find the force the gate exerts on the lower hinge. 


(a) The weight of the gate acts from its center of gravity, which we assume is its geometric center, as in Fig. 11-12(a). 
The gate exerts a force that is downward and to the right on the lower hinge, which in response exerts a reaction 
force F, on the gate that is upward and to the left. The gate exerts a force to the left on the upper hinge, 
which exerts a reaction force F, to the right on the gate. To find the magnitude of F, it is easiest to calculate 
torques about the lower hinge. The torques exerted on the gate by the upper hinge and by its own weight are, 


respectively, 
T= —F,L, = —1.2F; m 
T3 = wL3 = (300 N)(0.9 m) = 270 N-m 
XT=1+R3=0 
—— 


CG 


w = 300 N 


Fig. 11-12 
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Hence 
—1.2F;m+270N-m=0 
F, = 225N 


The force exerted by the gate on the upper hinge has the same magnitude. 


(b) In order that the gate be in translational equilibrium, F2, must be equal and opposite to F;, and F2, must be 
equal and opposite to w. Hence 


Fy = 225N Fyy = 300 N 


Since F,, and F,, are perpendicular, the magnitude of F is 


Fao) Bet Ey = 315 N 


If 0 is the angle between F) and the vertical, as in Fig. 11-12(b), 


Fy, 


tand = = 0.75 6 = 37° 


2y 


The force the gate exerts on the lower hinge is equal and opposite to F;, hence it acts downward at an angle of 
37° from the vertical and toward the right. 


SOLVED PROBLEM 11.12 


A 12-ft ladder that weighs 50 Ib rests against a frictionless wall at a point 10 ft above the ground. How 
much force does the ladder exert (a) on the ground and (b) on the wall? 


(a) The forces that act on the ladder are its weight w acting downward from its center, the horizontal reaction force 
F, of the wall (there is no vertical force component because the wall is frictionless), and the reaction force F, 
of the ground, which has both vertical and horizontal components. Since F, and w are the only vertical forces, 


Fry =w =501b 


To find F,,, we begin by finding the value of the angle between the ladder and the ground. From Fig. 11-13 


10 ft 
ind = —~— = 0. 6 = 56° 
sin Dk 833 56 


L, = (12 ft) (cos 6) 
L; = (6 ft) (cos 0) 


SAXAAANAAANAAAANANANANNANY 
S 
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Now we calculate the torques produced by F),, F,,, and w, respectively, about the upper end of the ladder: 
T = —FhyL, = —(50 Ib)(12 ft)(cos 56°) = —336 lb-ft 
tT = Fy, Lz = (Fo) (10 ft) = 10F), ft 
T; = WL; = (50 lb)(6 ft)(cos 56°) = 168 lb-ft 
Applying the condition for rotational equilibrium yields 
UT= y+H+R=0 
—336 lb-ft + 10F>, ft + 168 lb-ft = 0 
Fy, = 16.8 lb 


The total force the ground exerts on the ladder is 


F, = ,/ Fi, + Fj, = 53 Ib 


The force the ladder exerts on the ground has the same magnitude. 


(b) The force the ladder exerts on the wall is equal in magnitude to F>,, namely, 16.8 Ib. 


SOLVED PROBLEM 11.13 


The front wheels of a truck support 8 KN, and its rear wheels support 14 kN. The axles are 4 m apart. 
Where is the center of gravity of the truck located? 


With x the distance between the front axle and the center of gravity, as in Fig. 11-14, calculating torques about 
the center of gravity yields 


Xt =w x —-wr(4m—x)=0 
(8 kKN)x — 14(44m—x) kN =0 
22x kN = 56kN-m 


x =2.55m 
x 4m-x 
a 
CG 
w; = 8 kN 
Ww, = 14 kN 


Fig. 11-14 


FINDING A CENTER OF GRAVITY 


The center of gravity (CG) of an object of regular form and uniform composition is located at its geometric 
center. In the case of a complex object, the way to find its center of gravity is to consider it as a system of separate 
particles and then find the balance point of the system. An example is the massless rod of Fig. 11-15, which has 
three particles m,, m2, and m3 attached to it. The CG of the system is at a distance X from the end of the rod 


140 EQUILIBRIUM [CHAP. 11 


my is 
m 
ee | 
y y y 
0 x] 4 x3 
ms mg M3 
0 Xx 
Mg 
Fig. 11-15 


such that the torque exerted by a single particle of mass M = m, +m +z at X equals the sum of the torques 
exerted by the particles at their locations x;, x2, and x3. Thus 
m1 gx, + m2gXx2 + m3gx3 = MgX = (m; + m2 + m3)gX 


x= MX, +M2X2 + 3X3 


mi +m2+ m3 


This formula can be extended to any number of particles. If the complex object involves two or three dimensions 
rather than just one, the same procedure is applied along two or three coordinate axes to find X and Y or X, Y, 
and Z, which are the coordinates of the center of gravity. 


SOLVED PROBLEM 11.14 


Find the location of the center of gravity of the L-shaped piece of plywood shown in Fig. 11-16. 


lm 


a 


3m 
Y © 
CG 
|+__________. 
2m x 
(a) (c) 
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Let us consider the plywood piece to be made up of two sections, one a rectangle 3 m long and 1 m wide and 
the other a square 1 m on each side. The centers of gravity of these sections are at their geometric centers, as in 
Fig. 11-16(b). If the plywood has a mass of mo per square meter, section 1 has a mass of 3mo and section 2 has a 
mass of mg, since their respective areas are 3 and | m?. The x and y coordinates of the center of gravity of the entire 
plywood piece are therefore 


MX, + M 7X2 (3m) (0.5 m) + (mo)(1.5 m) = 


m, +m 3mo + mo 
miyi +mo2y2 _ (3mo)(1.5 m) + (m9)(0.5 m) 
m, +m 3my + Mo 
mM, = 3 Mo M2 = Mo 
x, =0.5m x. =1.5m 
y= 1.5m y= 0.5m 


Multiple-Choice Questions 


11.1. Which one or more of the following sets of horizontal forces could leave an object in equilibrium? 


(a) 5,10, and 20N (c) 8,8, and8N 
(b) 6,12, and 18N (d) 2,4, 8, and 16N 


11.2. A box of weight w is supported by two ropes. The magnitude of 


(a) the tension in each rope must be w /2 

(b) the tension in each rope must be w 

(c) the vector sum of the tensions in both ropes must be w 

(d) the vector sum of the tensions in both ropes must be greater than w 


11.3. The torques that act on an object in equilibrium have a vector sum of zero about 


(a) one point only (c) all points 
(b) one or more points (d) any of the above, depending on the situation 


11.4. The point about which torques are calculated when studying the equilibrium of an object 


(a) must pass through the center of gravity of the object 
(b) must pass through one end of the object 

(c) must be located inside of the object 

(d) may be located anywhere 


11.5. A 250-N box hangs from a rope. If the box is pushed with a horizontal force of 145 N, the angle between the rope 
and the vertical is 
(a) 30° (c) 60° 
(b) 45° (d) 75° 


11.6. A box is suspended by a rope. When a horizontal force of 100 N acts on the box, it moves to the side until the rope 
is at an angle of 20° with the vertical. The weight of the box is 


(a) 36N (c) 275N 
(b) 106N (d) 292N 
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11.3. 


11.4. 


11.5. 


11.6. 


EQUILIBRIUM [CHAP. 11 


A 5-1b picture is held up by two strings that go from its upper corners to a hook on the wall. Each string has a 
breaking strength of 3 Ib. The maximum angle between the strings if they are not to break is 


(a) 34° (c) 56° 
(b) 67° (d) 80° 


A picture hangs from two wires that go from its upper corners to a nail in the wall. If the picture weighs 8.0 N and 
each wire makes a 30° angle with the vertical, the tension in each wire is 


(a) 4.0N (c) 8.0N 
(b) 46N  (d) 92N 


An 0.80-KN load hangs from the end of a horizontal boom 2.0 m long hinged to a vertical mast. A rope 2.5 m long 
joins the end of the boom with a point on the mast 1.5 m above the hinge. The tension in the rope is 


(a) 048kKN  (c) 1.00KN 
(b) O0.80kKN  (d) 1.33KkN 


The boom of Question 11.9 exerts an inward force on the hinge of 


(a) 0.60kKN  (c) 1.07KN 
(b) 0.80kKN  (d) 1.67KN 


A 50-kg barrel hangs from one end of a 30-kg beam 3.0 m long. The distance from the loaded end to the balance 
point is 

(a) 56cm (c) 94cm 

(b) 75cm (da) 113cm 


A 50-kg steel pipe 4.0 m long is supported by a rope attached 1.7 m from one end. The downward force that must 
be applied to the end of the pipe closest to the rope to keep the pipe horizontal is 


(a) 88N (c) 227N 
(b) 86N (d) 490N 


Supplementary Problems 


A weight is suspended from the middle of a rope whose ends are at the same height. Is it possible for the tension in 
the rope to be sufficiently great to prevent the rope from sagging at all? 


A couple consists of two equal forces that act along parallel lines of action in opposite directions. If each of the 
forces in a couple has the magnitude F and their lines of action are d apart, find the torque exerted by the couple. 


The wheels of a certain bus are 2 m apart, and the bus falls over when it is tilted sideways at a 45° angle. How high 
above the road is the center of gravity of the bus? 


A 40-N box is suspended from two ropes which each make a 45° angle with the vertical. What is the tension in each 
rope? 


A 100-kg box is suspended from two ropes; the left one makes an angle of 20° with the vertical, and the other makes 
an angle of 40°. What is the tension in each rope? 


A load of unknown weight is suspended from the end of a horizontal boom whose own weight is negligible. The 
angle between the boom and the cable supporting its end is 30°, and the tension in the cable is 400 N. Find the 
weight of the load. 
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11.5. 
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A 2000-N steel beam is raised by a crane, and a horizontal rope is used to pull it into position in a bridge under 
construction. What is the tension in the rope when the supporting cable is at an angle of 15° from the vertical? 


A 1-kg pigeon sits on the middle of a clothesline whose supports are 10 m apart. The clothesline sags by 1 m. If the 
weight of the clothesline is negligible, find the tension in it. 


A 30-Ib weight is attached to one end of a 6-ft uniform beam whose own weight is 20 lb. Where is the balance point 
of the system? 


A pail of water is to be carried by a man and a boy who each hold one end of a 180-cm pole thrust through the pail’s 
handle. Where should the pail be located along the pole so that the man carries twice as much weight as the boy? 


Neglect the pole’s weight. 


A 20-kg child and a 30-kg child sit at opposite ends of a 4-m seesaw that is pivoted at its center. Where should 
another 20-kg child sit in order to balance the seesaw? 


The axles of a 2400-Ib car are 7 ft apart. If the center of gravity of the car is 3 ft behind the front axle, how much 
weight is supported by each of the car’s wheels? 


(a) A 50-kg horizontal boom 4 m long is hinged to a vertical mast, and its outer end is supported by a cable attached 
to the mast 3 m above the hinge pin. Find the tension in the cable. (b) A load of 200 kg is suspended from the outer 


end of the boom. Find the new tension in the cable. 


Solve Prob. 11.13 by considering the rotational equilibrium of the boom, using the lower end of the boom as the 
pivot point. 


A door 7 ft high and 3 ft wide has hinges at the top and bottom of one edge. Half the 40-lb weight of the door is 
supported by each hinge. Find the horizontal components of the force the door exerts on each hinge. 


A 10-kg ladder 2.5 m long rests against a frictionless wall with its base on the floor 80 cm from the wall. How much 
force does the top of the ladder exerts on the wall? 


A 15-kg ladder 3 m long rests against a frictionless wall at a point 2.4 m from the ground. Find the vertical and 
horizontal components of the force that the ladder exerts on the floor. 


A steel pipe 2 m long has another steel pipe of the same kind 1 m long welded across one end, so the result has the 
form of a T. Where is the center of gravity of this object located? 


Answers to Multiple-Choice Questions 


(b), (c) 11.7. (b) 


(c) 11.8. (b) 
(c) 11.9. (d) 
(d) 11.10. (c) 
(a) M11. (a) 


(c) 11.12. (b) 


144 


11.1. 


11.2. 


11.3. 


11.4. 


11.5. 


11.6. 


11.7. 


11.8. 


11.9. 


11.10. 


11.11. 


11.12. 


11.13. 


11.14. 


11.15. 


11.16. 


11.17. 


11.18. 


EQUILIBRIUM [CHAP. 11 


Answers to Supplementary Problems 


No. The rope must sag in order for its tension to provide an upward component of force to support the weight. The 
greater the tension, the less the sag, but it is impossible for the rope to be perfectly horizontal. 


Fd 

lm 

28 N in each rope 

The tension in the left-hand rope is 727 N and that in the right-hand rope is 387 N. 
200 N 

536 N 

26N 

The balance point is 1.2 ft from the 30-lb weight. 

The pail should be 60 cm from the man. 

The third child should be 1 m from the 20-kg child. 


The front wheels each support 686 Ib, and the rear wheels each support 514 Ib. 


(a) 306N (b) 2756 N 
5323 N 

8.6 Ib; 8.6 lb 

16.5 N 

147 N;55 N 


67 cm from the crossbar. 


Simple Machines 


MACHINES 


A machine is a device that changes the magnitude, direction, or mode of application of a force or torque while 
transmitting it for a particular purpose. There are only three basic machines, of which all others are developments: 
the lever, the inclined plane, and the hydraulic press. The hydraulic press is described in Chapter 16. 


MECHANICAL ADVANTAGE 


The actual mechanical advantage (AMA) of a machine is the ratio between the output force Foy it exerts and 
the input force F;,, that is applied to it: 


Fou 
F; 


AMA = 


. output force 

Actual mechanical advantage = ————_—— 

input force 

An AMA greater than | means that Foy exceeds Fin; an AMA less than | means that Foyt is smaller than Fin. 
The ideal mechanical advantage (IMA) of a machine is its mechanical advantage in the absence of friction. 

If the input force acts through the distance s;, when the output force acts through the distance soy, then according 

to the principle of conservation of energy 


Work input = work output 
FinSin = FoutSout 


F out Sin 
and so = 
F; ii Sout 


when there is no friction present. Because friction acts to decrease the ratio Foyt/ Fin in an actual machine but 
does not change the ratio si, /Sout, it is customary to define ideal mechanical advantage in terms of the latter: 


Sin 


IMA = 


Sout 
input distance 


Ideal mechanical advantage = ————————. 
output distance 
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EFFICIENCY 


The efficiency (Eff) of a machine is the ratio between its work output and work input. From the preceding 
discussion, 


Eff = work output — FoutSout = (=) (“) = AMA 


work input = Fin Sin Fi Sin ~ IMA 
Since the efficiency is also the ratio between the power output of the machine and its power input, in general 


Eff — work output — power output = AMA 
~ work input — powerinput IMA 


If we know the ideal mechanical advantage and the efficiency of a machine, 


Fou = (Eff) IMA) (Fin) 


COMPOUND MACHINES 


When two or more machines are coupled together so that the output of one is the input of the next, the overall 
mechanical advantage (IMA or AMA) of the combination is the product of the mechanical advantages of each 
one: 


MA = (MA,)(MA2)(MA3) -- 
The overall efficiency of two or more machines in combination is similarly 


Eff = (Eff) (Eff) (Eff) «+ 


SOLVED PROBLEM 12.1 
Find the IMA of the pulley system shown in Fig. 12-1. 


Fig. 12-1 


To raise the load through a height h, a length of rope equal to 44 must be pulled through the pulley system since 
the load is supported by four strands of rope. Hence 


IMA eed 
Sout h 
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As a general rule, the IMA of a pulley system is equal to the number of strands of rope that support the load. The 
rope leaving the upper pulley in Fig. 12-1 does not help to support the load and hence is not counted in determining 
the IMA of the system. 


SOLVED PROBLEM 12.2 
Find the IMA of the pulley system shown in Fig. 12-2. 


Fig. 12-2 


This pulley system is the same as that in Fig. 12-1 but is inverted. As a result, five strands of rope now support 
the load, and the IMA is accordingly 5. 


SOLVED PROBLEM 12.3 
Find the IMA of the pulley system shown in Fig. 12-3. 


Fig. 12-3 


There are actually two pulley systems here. The load is initially supported by the two strands of ropes 1 and 2 
that pass around pulley A, so IMA; = 2. The tension in rope 2 is then supported by strands 3 and 4 of another rope 
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that passes around pulley B, so IMA, = 2. Pulley C merely changes the direction of the rope, and strand 5 does not 
help to support the load. Hence 


IMA = (IMA;)(IMA>) = (2)(2) = 4 
SOLVED PROBLEM 12.4 


A woman uses a force of 80 N to raise a load of 280 N by 1.5 m with a pulley system. If she pulls a total 
of 6 m of rope through the system, what is the efficiency of the system? 


The IMA and AMA of the system are, respectively, 


7 6m 
IMA = — =4 
Sout 1.5 
Fou 280N 
AMA = S35 
in 80N 
Hence the efficiency of the system is 
AMA — 3.5 
Eff = —— = — = 0.875 = 87.5% 
MA q 0.875 = 87.5% 


SOLVED PROBLEM 12.5 
How much force is needed to raise a load of 500 N with the pulley system of Prob. 12.4? 
We must use the actual mechanical advantage to find Fi,. Hence 


_ Fox _ 500N 
AMA 3.5 


Fin =143N 


SOLVED PROBLEM 12.6 


A differential pulley (often called a chain hoist because a chain running over notched pulleys is used to 
prevent slipping) is shown in Fig. 12-4. When the free loop of the chain is pulled as shown, strand 1 of 
the chain supporting the movable pulley is shortened while strand 2 is lengthened. Because strand | is 
shortened by more than strand 2 is lengthened, the load is raised. Pulling down on the other strand of the 
free loop lowers the load. (a) Find the IMA of the differential pulley. (b) If the upper pulleys of such a 


\ 


Fig. 12-4 
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hoist are 14 and 15 cm in radius and the hoist is 75 percent efficient, how heavy a load can be raised by a 
force of 150 N? (c) If the load is to be raised by 1 m, how much chain must be pulled through the pulleys? 


(a) The radius of the large upper pulley is R and that of the small one is r. In a complete rotation of the upper 
pulleys, the input force F;, acts through a distance equal to the circumference of the large pulley, so sin = 27 R. 
In this rotation, strand 1 has been shortened by 27 R while strand 2 has been lengthened by 2777, so the total 
decrease in length is 27 R — 27r = 2m(R —r). Since the decrease in length is shared by both strands 1 and 2, 
the movable pulley is raised by half this amount and sou. = 7(R — r). The IMA of the system is accordingly 
Sin 2nR 2R 


IMA = — = = 
Sout m(R—r) R-r 


(b) Since R = 15 cmandr = 14cm, the IMA of the hoist is 


2R = (2)(15 cm) 
R—-r 15cm—14cm 


IMA = = 30 


At 75 percent efficiency, 
AMA = (Eff)(IMA) = (0.75)(30) = 22.5 
An applied force of 150 N can therefore lift a load of 
Four = (AMA) (Fin) = (22.5)(150 N) = 3375 N 
(c) Given that soy; = 1 mand IMA = 30, we have 


Sin = IMA)(Sour) = (30)(1 m) = 30 m 


THE LEVER 


The IMA of a lever is equal to the ratio between its moment arms Lin and Loy (Fig. 12-5): 


L in 
IMA = 


out 


This is because, as the lever rotates around its pivot (or fulcrum), the ratio Sin /Soue between the arcs through which 
its ends move is equal to the ratio Lin /Lout of the moment arms. 
The wheel and axle, belt and gear drives, and pulley systems are all developments of the lever. 


in Lout 


Fulcrum 


Fig. 12-5 


SOLVED PROBLEM 12.7 


One end of a 200-kg crate is to be lifted from the ground by using a 3-m plank as a lever. If the maximum 
force that can be applied to the plank is 350 N, where should the fulcrum be placed? Assume that the 
crate’s contents are uniformly distributed, so the mass to be raised is 100 kg. 


The weight of a 100-kg mass is 


w = mg = (100 kg)(9.8 m/s”) = 980 N 
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Since the plank is 3 m long (Fig. 12-6), 
Lin + cout =3m 
Lin = 3m— Lout 


In the absence of friction, 


Fou Lin 

F, Lout 
980N 3 m— Low 
350N Ease 
3.8Lon = 3m 

Low = 0.79 m 


The fulcrum should be located 79 cm from the end of the crate. 


Fig. 12-6 


SOLVED PROBLEM 12.8 


The wheel and axle (Fig. 12-7) is a development of the lever that permits continuous motion. (a) Where 
is the fulcrum? (b) What is the IMA of a wheel and axle? 


Fig. 12-7 


(a) The center of the axle acts as the fulcrum. 


(b) The input force acts tangentially on the wheel rim, and the output force acts tangentially on the axle rim. When 
the combination makes one complete turn, a point on the wheel moves through s;, = 27 R and a point on the 
axle moves through soy, = 277. Hence 


Sin 2aR R 


IMA = 


‘Soak 2ur r 


The larger the wheel radius relative to that of the axle, the greater the mechanical advantage. 
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THE INCLINED PLANE 


In an inclined plane, the ratio between the input distance and the output distance is the same as the ratio between 
the length L of the plane and its height (Fig. 12-8). Hence the IMA of an inclined plane is 
L 
IMA = — 
h 
Wedges, cams, and screws are all developments of the inclined plane. 

A screw is an inclined plane wrapped around a cylinder in the form of a helix. The pitch p of a screw is the 
distance from one thread to the next (Fig. 12-9). If the head of a screw is turned by a tangential force applied 
at a distance L from its axis, the input force travels the distance s;, = 27 L while the screw advances Sout = p. 
Hence the IMA of a screw is 


Sin 2n L 
IMA = = — 
Sout 
GF, Zz 
v 
h F,, 
-t 
Fig. 12-8 Fig. 12-9 
SOLVED PROBLEM 12.9 


A ramp 25 m long slopes down 1.4 m to the edge of a lake. How much force is needed to pull out a 
360-kg boat on a 90-kg trailer if friction in the trailer’s wheels reduces the efficiency to 90 percent? 


The IMA of the ramp is 
L m 
IMA = — = —— =17.9 

h m 

and its AMA is 
AMA = (Eff)(IMA) = (0.9)(17.9) = 16.1 
The output force is the combined weight of boat and trailer, which is 
Fou = w = (m, + mo)g = (450 kg)(9.8 m/s”) = 4410 N 


The required input force is 


Fout 4410 N 
= = 274N 


Fin = = 
AMA 16.1 


SOLVED PROBLEM 12.10 


The screw of a machinist’s vise has a pitch of 5 mm and a handle 20 cm long. If the efficiency is 40 percent, 
how much force is developed between the jaws of the vise when a force of 40 N is applied to the end of 
the handle? 
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The IMA of the vise is 
20 L _ (27r)(200 mm) 
Pp 5 mm 


IMA = = 251 


and its AMA is 
AMA = (Eff)(IMA) = (0.4)(251) = 100.4 


The output force is therefore 


Fou = (AMA)(Fin) = (100.4)(40 N) = 4016 N 


SOLVED PROBLEM 12.11 
A screw jack has a pitch of 5 mm and a handle 60 cm long. If a force of 50 N is needed to raise a load of 
700 kg, find the efficiency of the jack. 
The IMA and AMA of the jack are, respectively, 
2a L x (277) (60 cm) 


IMA = = = 754 
Pp 0.5 cm 
F. 700 kg) (9.8 m/s? 
ama — Fo — mg _ (700 kg)(9.8 mis’) _ 5, 
Fin Fin 50N 
The efficiency of the jack is 
Eff = ulate = 0.18 = 18% 
IMA 754. 


TORQUE TRANSMISSION 
Belt and gear drives make possible the transmission of torques from one shaft to another (Fig. 12-10). The actual 
mechanical advantage of any such system is 

Tout output torque 


AMA = = - 
Tin input torque 


The ideal mechanical advantage of a pulley system equals the ratio between the radius of the driven pulley 7out 
and that of the driving pulley rj;,, which is the same as the ratio of their diameters: 


IMA = Tout = dout 
Tin din 
ce 
1S 
Fig. 12-10 


In the case of a gear drive, since the number of teeth on a gear is proportional to its radius, 


Nout number of teeth on driven gear 


IMA = — — 
Ni number of teeth on driving gear 
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In any torque transmission system, the angular velocity ratio is the inverse of the IMA: 


Output angular velocity Mout d; = 1 


Input angular velocity = @in do. += IMA 


An increase in torque is accompanied by a decrease in speed of rotation, and vice versa. 


SOLVED PROBLEM 12.12 


A 1200 rev/min motor is connected to a 12-in.-diameter circular saw blade with a V-belt and a pair of step 
pulleys (Fig. 12-11). (a) If the pulley diameters are 4, 5, and 6 in. in each set, find the possible angular 
velocities of the saw blade in revolutions per minute. (b) Find the corresponding linear velocities of the 
saw’s teeth in feet per minute. 


Fig. 12-11 


(a) The three possible ratios of pulley diameters are z, 1, and 3. Since 


_ din 
Wout = Vin 


dout 
the three possible angular velocities of the saw blade are 
a, = (1200 rev/min) (3) = 800 rev/min 


@2 = (1200 rev/min)(1) = 1200 rev/min 
@3 = (1200 rev/min) (3) = 1800 rev/min 


(b) The linear velocity v of the saw’s teeth is related to the radius r of the saw blade and its angular velocity w by 
the formula v = wr, where w must be expressed in radian measure. Since there are 27 rad in a revolution, the 
above angular velocities can also be expressed as 


d 
oO, = (2 =) (800 rev/min) = 5027 rad/min 


rev 


d 
ps (2" = ) (1200 rev/min) = 7540 rad/min 
Tev 
rad : ; 
03 = (2" =) (1800 rev/min) = 11,310 rad/min 
Tev 


The radius of the saw blade is r = 6 in. = 0.5 ft, and so the possible linear velocities of its teeth are 


vy = @r = 2514 ft/min V2 = @or = 3770 ft/min v3 = w3r = 5655 ft/min 
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SOLVED PROBLEM 12.13 


12.1. 


12.2. 


12.3. 


12.4. 


12.5. 


12.6. 


12.7. 


An engine develops 6 kW at 4000 rev/min. What gear ratio is needed if an output torque of 60 N-m is 
required? 


Since 
: rad/s 
q@ = (4000 rev/min) (0.105 : ) = 420 rad/s 
rev/min 
the engine itself develops a torque of 
P WwW 
T= —= SOU = 14.3 N-m 
@  420rad/s 


Hence the required gear ratio is 


Nou oul N. 
t _ Tout 60 N-m te ie 
Nin Tin 14.3 N-m 


Multiple-Choice Questions 


A machine can increase which one or more of the following? 

(a) work (c) force 

(b) speed (d) torque 

A machine has an IMA of 6.0 and an AMA of 5.0. The work input needed by the machine to raise a 40-kg load by 
3.0 m is 


(a) 0.98 kJ (c) 14kJ 
(b) 1.2kJ (d) 5.9kJ 


A person uses a force of 300 N to pry up one end of a 120-kg box with a lever 2.4 m long. The distance from the end 
of the box to the fulcrum is 


(a) 40cm (c) 81cm 
(b) 49cm (d) 171cm 


The smallest number of pulleys needed for an IMA of 5 is 


(@) +B: “ey cS 
(b) 4 @d 6 


A force of 50 N is needed to raise a 240-N load with a pulley system. The load goes up 1 m for every 5 m of rope 
pulled through the pulleys. The efficiency of the system is 

(a) 48% (c) 96% 

(b) 50% (d) 104% 


Two sets of spur gears, each set 96 percent efficient, drive a worm gear that is 80 percent efficient. The overall 
efficiency of the system is 


(a) 74% (c) 80% 
(b) 77% (d) 96% 


A screw jack has a pitch of 4.0 mm and a handle 50 cm long. Its efficiency is 20 percent. The force that must be 
applied to the handle in order to lift a load of 400 kg is 


(a) 1N (c) 5N 
(b) 2.5N  (d) 25N 
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Supplementary Problems 


How great a force is needed to lift a 20-kg mass by using the lever shown in Fig. 12-12? 


F. 


in 


1.2m 


20 kg 


ss i 


Fig. 12-12 
A bolt is held in the jaws of a pair of pliers. If the bolt is 25 mm from the pivot and a force of 10 N is applied to each 
handle 150 mm from the pivot, find the total compressive force on the bolt. 
Find the IMA of the pulley system shown in Fig. 12-13. 
Find the IMA of the pulley system shown in Fig. 12-14. 


Find the IMA of the pulley system shown in Fig. 12-15. 


Fig. 12-13 Fig. 12-14 Fig. 12-15 


What is the highest IMA that can be obtained with a system of two pulleys? 


A chain hoist has upper pulleys 4 and 4.5 in. in radius (a) If the hoist is 80 percent efficient, how much force 
is needed to raise a load of 200 lb? (b) How much chain must be pulled through the pulleys to raise the load by 
2 ft? 


A chain hoist is used to lift a 180-kg engine block by 1.2 m. To do this, a force of 100 N must be applied to the chain 
and 30 m of chain pulled through the system. What is the efficiency of the hoist? 


A 200-kg piano on frictionless casters is to be pushed up a 7-m ramp to a loading platform 1 m above the ground. 
How much force is needed? 
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(a) What kind of simple machine does a screwdriver represent? (b) The handle of a screwdriver is 3 cm in diameter, 
and its blade is 6 mm wide. What is its mechanical advantage? 


A screwdriver whose handle is 1 in. in diameter is used to tighten a bolt which has 24 threads per inch. If the 
efficiency is 8 percent, find the force exerted on the nut when a force of 3 Ib is applied to the handle. 


A 600 rev/min motor is used to operate an air compressor at 200 rev/min through a V-belt drive. If the motor pulley 
is 15 cm in diameter, what should the diameter of the compressor pulley be? 


The sprocket wheel on the rear axle of a certain bicycle is 10 cm in diameter, and the sprocket wheel to which the 
pedals are attached is 20 cm in diameter. The wheels of the bicycle are 65 cm in diameter. At how many revolutions 
per minute must the pedals be turned to travel at 5 m/s? 

A 10-tooth gear drives a 40-tooth gear with an efficiency of 80 percent. (a) When the input gear turns at 8 rpm, 
how fast does the output gear turn? (b) When a torque of 30 N - m is applied to the input gear, what is the output 


torque? 


A diesel engine that develops 30 kW at 3600 rpm delivers its power through a 4:1 reduction gearbox whose efficiency 
is 95 percent. What is the output torque? 


Answers to Multiple-Choice Questions 


(b), (c), (d) 12.5. (c) 


(c) 12.6. (a) 
(b) 12.7. (d) 
(b) 


Answers to Supplementary Problems 


47N 12.9. 280 N 

120N 12.10. (a) Wheel and axle (b) 5 
2 12.11. 18 1b 

2 12.12. 45cm 

8 12.13. 73 rev/min 

3 12.14. (a) 2 rpm (b) 96 N-m 


(a) 13.9 1b (b) 36 ft 12.45. 0.30 kKN-m 
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Elasticity 


STRESS AND STRAIN 


The stress on a body acted on by a deforming force is equal to F'/A, the magnitude of the force F divided by 
the cross-sectional area A over which it acts. The unit of stress in SI units is newtons per square meter, which is 
known as the pascal (Pa). In the British system it is customary to use pounds per square inch. The three categories 
of stress—tension, compression, and shear—are illustrated in Fig. 13-1. The unstressed shape is shown by the 
dashed lines, and the stressed shape by the solid lines. 


I 
| 
| 
{ 
-J4 


No stress Tension Compression 
Fig. 13-1 


The relative change in the size or shape of a body due to applied stress is called strain. Strain is a dimensionless 
quantity; for instance, the longitudinal strain that tension produces in a body is AL/Lo, its change in length AL 
divided by its original length Lo, which is a pure number. 


ELASTICITY 


The elastic limit of a material is the maximum stress that can be applied to a body without causing a permanent 
deformation. For stresses below the elastic limit, the material exhibits elastic behavior: when the stress is removed, 
the body returns to its original size and shape. 

Below the elastic limit, strain is found to be proportional to stress. This relationship is known as Hooke’s law. 
In the case of tension, for example, doubling the applied force on a body will double the amount by which the 
body stretches. The modulus of elasticity of a material subjected to a particular kind of stress below its elastic 
limit is defined by the relationship 


a stress 
Modulus of elasticity = 


strain 

The ultimate strength of a material is the greatest stress it can withstand without rupture. In many materials 
the ultimate strength considerably exceeds the elastic limit. When a stress greater than its elastic limit but less 
than its ultimate strength is applied to such a material, the result is a permanent deformation. Bending a piece of 
metal is an example. 
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SOLVED PROBLEM 13.1 


A nylon rope 24 mm in diameter has a breaking strength of 120 KN. Find the breaking strengths of similar 
ropes (a) 12 mm and (b) 48 mm in diameter. 


Since the breaking stress F'/A is the same for all the ropes, their breaking strengths F are in proportion to their 
cross-sectional areas A. The cross-sectional area of a cylinder of diameter d is A = mr? = md*/4, and so in each 
case F varies directly with d?. 


(a) Arope 12 mm in diameter has an area Gy a ; that of a rope 24 mm in diameter. Hence its breaking strength 
is one-fourth as much, or 30 KN. 


(b) A rope 48 mm in diameter has an area 27 = 4 times that of a rope 24 mm in diameter. Hence its breaking 
strength is four times as much, or 480 kN. 


YOUNG’S MODULUS 


When a tension or compression force F acts on an object of length Lo and cross-sectional area A (Fig. 13-2), 
the result is a change in length AL. Below the elastic limit, the ratio between stress and strain in this situation 
is called Young’s modulus: 
_ F/A 
~ AL/Lo 
longitudinal stress 


Young’s modulus = 


longitudinal strain 


The value of Young’s modulus depends only on the composition of the object, not on its size or shape. The usual 
units of Y are newtons per square meter and pounds per square inch. 


SOLVED PROBLEM 13.2 


An aluminum wire 3 mm in diameter and 4 m long is used to support a mass of 50 kg. What is the 
elongation of the wire? Young’s modulus for aluminum is 7 x 10!° Pa. 


The cross-sectional area of a wire of radius r = 1.5 mm = 1.5 x 1077 mis 
A=ar* = (m)(1.5 x 107* m)* = 7.07 x 107° m? 
The applied force is 
F = mg = (50kg)(9.8 m/s”) = 490 N 


and so the elongation of the wire is 


pend © (4 m)(490 N) 
~ Y A (7x 10!° N/m?)(7.07 x 10-6 m2) 


= 3.96 x 1077 m = 3.96 mm 
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SOLVED PROBLEM 13.3 


The elastic limit of aluminum is 1.3 x 108 Pa. What is the maximum mass that the wire of Prob. 13.2 can 
support without exceeding its elastic limit? 


Since the cross-sectional area of the wire is A = 7.07 x 10~° m? and 


PF 8 2 
—) =1.3x 10° N/m 
A max 


the maximum force is 
Frax = (1.3 x 10® N/m’)(7.07 x 10-6 m2) = 919N 


which corresponds to a mass of 


W Fax _ 919N 
g g 9.8 m/s* 


= 94kg 


SOLVED PROBLEM 13.4 


A wire 8 ft long with a cross-sectional area of 0.01 in.” stretches by 0.05 in. when a weight of 100 Ib is 
suspended from it. Find the stress on the wire, the resulting strain, and the value of Young’s modulus for 
the wire’s material. 


F 100 Ib 
tress = — = = 10* Ib/in? 

Stress a 00lin2 0° Ib/in 
AL 0.05 in. 

Shige ee Gas 
Lo 96 in. 
F/A 104 Ib/in.? 

pects ™ = 1,92 x 107 tb/in2 


~ AL/Ly 5.2 x 10-4 


SOLVED PROBLEM 13.5 


A steel pipe 3.6 m long is placed vertically under a sagging floor to support it. The inside diameter of the 
pipe is 80 mm, its outside diameter is 100 mm, and Y = 2 x 10!! Pa. A sensitive strain gauge indicates 
that the pipe’s length decreases by 0.1 mm. What is the magnitude of the load the pipe supports? 


The cross-sectional area of the pipe (Fig. 13-3) is 
A =7(R* —r’) = 2[(0.05 m)? — (0.04 m)?] = 2.83 x 1073 m? 


Here AL = 1 x 10-4 m, so 


AL 11 2 3 2 
F = YA— = (2 x 10!! N/m?)(2.83 x 107? m?) 


1x 104m 
Lo 


= 1.57 x 10°'N = 15.7kN 
3.6m ) 7 


A=2(R2- 2) 


« 


Fig. 13-3 
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SOLVED PROBLEM 13.6 


By how much can a steel wire 3 m long and 2 mm in diameter be stretched before the elastic limit is 
exceeded? Young’s modulus for the wire is 2 x 10!! Pa, and its elastic limit is 2.5 x 10° Pa. 


The cross-sectional area of a wire of radius r = 1 mm = 107? mis 
A=ar =3.14x 10° m’ 


The maximum force that can be applied without exceeding the elastic limit is therefore 
F 8 2 6 2 
F= 5 (A) = (2.5 x 10° N/m*)(3.14 x 10 m*) = 785 N 


When this force is applied, the wire will stretch by 


_ Lo F (3 m)(785 N) 


ALS = - = 3.75 x 10° m= 3.75 mm 
Y A (2x 10"! N/m’)(3.14 x 10-6 m?) 


SOLVED PROBLEM 13.7 


A steel cable whose cross-sectional area is 1 in.” is used to support an elevator cab weighing 5000 Ib. If 
the stress in the cable is not to exceed 20 percent of the cable’s elastic limit of 40,000 Ib/in.?, find the 
maximum permissible upward acceleration. 


The force that corresponds to a maximum stress in the cable of (0.20)(40,000 Ib/in.”) = 8000 Ib/in.’ is 


F aD, + 2 
F=[(—) (A) = (8000 Ib/in.2)(1 in.2) = 8000 Ib 


This force is to equal the weight w of the cab plus the force ma that provides it with an upward acceleration so that 


F=w+ma 
i. Fw 


m 


a 


Since m = w/g, 


g(F —w) — (32 ft/s”)(8000 Ib — 5000 Ib) 
a= = 
w 5000 Ib 


= 19.2 ft/s? 


SHEAR MODULUS 


A shear stress changes the shape of an object, not its volume. Figure 13-4 shows a rectangular block acted on 
by shear forces F. The shearing stress is equal to F/A, and the shearing strain is equal to the angle of shear ¢, 
expressed in radians. Because ¢ is always small, it is very nearly the same as the ratio s /d between the displace- 
ment s of the block’s faces and the distance d between these faces. Below the elastic limit, then, there are two 
equivalent expressions for the shear modulus or (modulus of rigidity): 


F/A_ F/A 
o@  s/d 


shear stress 


Shear modulus = ——————_ 
shear strain 
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Fig. 13-4 


SOLVED PROBLEM 13.8 


The shearing strength of a certain steel alloy is 2.5 x 10° Pa. Two 5 mm-diameter bolts of this alloy are 
used to fasten a bracket to a wall. What is the maximum load the bracket can support without shearing 
off the bolts? 


The shearing stress here is exerted perpendicular to each bolt, so for each bolt A = zr? and, since r = 0.0025 m, 
F= (<) (A) = (2.5 x 10° N/m’)(sr)(0.0025 m)” = 4.9 kN 


The combined load is twice this, or 9.8 KN. The corresponding mass is 1000 kg. 


SOLVED PROBLEM 13.9 


How much force is required to punch a hole 5 in. in diameter in a steel sheet : in. thick whose shearing 
strength is 4 x 10* Ib/in.?? 


The shear stress is exerted over the cylindrical surface that is the boundary of the hole (Fig. 13-5). The area of 
this surface is 


A = 2arh = (27)(0.25 in.)(0.125 in.) = 0.196 in. 


Since the minimum shear stress needed to rupture the steel is 


F 
= =4 x 104 Ib/in. 
(5 ). : = 


the required force is 


F , bb fas 
F=(—) (A)=(4x 10'—, ) (0.196 in.”) = 7840 Ib 
ak in. 


Fig. 13-5 
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BULK MODULUS 


When compressive forces act over the entire surface of a body, its volume decreases. If the compressive force 
per unit area F'/A is uniform, the bulk modulus is given by 


= F/A 
~  AV/Vo 
volume stress 


Bulk modulus = ——W——_—_ 
volume strain 


The minus sign is included because an increase in the volume stress leads to a decrease in the volume. 

Volume stresses occur when objects are immersed in liquids, since a liquid exerts a uniform force perpen- 
dicular to any surface in its interior. As will be discussed in Chapter 16, the stress F'/A exerted by a liquid is 
called pressure p, so we can also write 


__?P 
AV/Vo 


SOLVED PROBLEM 13.10 


The pressure at a depth of 300 m in the ocean exceeds sea-level atmospheric pressure by 3.03 kPa. By 
how much does the volume of a 0.2-m? aluminum object contract when lowered to this depth in the 
ocean? The bulk modulus of aluminum is 7 x 10!° Pa. 


V 3.03 x 10° Pa)(0.2 m? 
Ry Oe) 0a Sa 
B 7 x 10!° Pa 


The minus sign means that the volume of the object decreases. 


SOLVED PROBLEM 13.11 


The reciprocal of the bulk modulus B of a liquid is called its compressibility k, sok = 1/B. The bulk 
modulus of water is 2.3 x 10° Pa. (a) Find its compressibility per atmosphere of pressure, where | atm = 
1.013 x 10° Pa is the pressure exerted by the earth’s atmosphere at sea level. (b) How much pressure in 
atmospheres is needed to compress a sample of water by 0.1 percent? 


(a) In terms of atmospheres, the bulk modulus of water is 


2.3 x 10° Pa 


= = 297 & 104 atm 
1.013 x 105 Pa/atm 


B 


and so its compressibility is 


1 1 


= =44 x 10> atm! 
B 2.27 x 104 atm 


k= 


(b) Here AV/Vo = —0.1 percent = —0.001. Hence the required pressure is 


1AV 0.001 


= = 23 atm 
k Vo 4.4 x 10-5 atm—! 


p= 
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13.4. 


13.5. 


13.6. 


13.7. 


13.8. 


13.9. 


13.10. 


Multiple-Choice Questions 


The stress on a wire that supports a load depends on which one or more of the following? 


(a) the wire’s length (c) acceleration of gravity 
(b) the wire’s diameter (d) the mass of the load 


A load causes a wire to stretch by the amount s. If the same load is applied to another wire of the same material but 
twice as long and with twice the diameter, the second wire will stretch by the amount 


(a) s/4 (c) s 
(b) s/2  (d) 2s 


At its elastic limit, the first wire of Question 13.2 could support a load of F. At its elastic limit, the second wire 
could support a load of 


(a) F/2 (c) 2F 
(b) F (d) 4F 


Young’s modulus for iron is 1.9 x 10!! Pa. When an iron wire 1.0 m long with a cross-sectional area of 4.0 mm? 
supports a 100-kg load, the wire stretches by 


(a) 0.0027mm (c) 1.3mm 
(b) 0.27 mm (d) 3.7mm 


Young’s modulus for brass is 1.3 x 107 Ib/in.”. When a brass rod 2 ft 4 in. long with a cross-sectional area of 0.50 in.’ 
supports a 400-1b load, the rod stretches by 


(a) 0.00015in. (c) 0.0034 in. 
(b) 0.0017in. (d)_ 0.029 in. 


Young’s modulus for aluminum is 7.0 x 10!° Pa. When an aluminum wire 1.5 mm in diameter and 50 cm long is 
stretched by 1.0 mm, the force applied to the wire is 


(a) 247N (c) 990N 
(b) 315N  (d) 2.42kN 


The elastic limit of aluminum is 1.8 x 10° Pa. The maximum mass the wire in Question 13.6 can support without 
going beyond its elastic limit is 


(a) 32kg (c) 623kg 
(b) 65kg (d) 636kg 


The ultimate strength of concrete is 2.0 x 107 Pa in compression. A concrete cube 80 cm on each edge can support 
a maximum mass of 


(a) 13x 10kg (c) 1.6x 10°kg 
(b) 1.3x10°kg (d) 1.3.x 10’kg 


The shear strength of a steel sheet 2.5 mm thick is 3.0 x 108 Pa. The force needed to punch a hole 6.0 mm square 
in this sheet is 


(a) 7.2KN (c) 27kN 
(b) 18kN (d) 18MN 


The bulk modulus of kerosene is 1.3 GPa. When a pressure of 1.8 MPa is applied to a liter of kerosene, its volume 
decreases by 


(a) 14mL (6) 7.2mL 
(b) 2.3mL  (d) 14mL 
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Supplementary Problems 


A cable is shortened to half its original length. (a) How does this affect its elongation under a given load? (b) How 
does this affect the maximum load it can support without exceeding its elastic limit? 


A cable is replaced by another one of the same length and material but of twice the diameter. (a) How does this affect 
its elongation under a given load? (b) How does this affect the maximum load it can support without exceeding its 
elastic limit? 


A wire 5 m long and 4 mm in diameter supports a load of 80 kg. If the wire stretches by 2.6 mm, find the value of 
Young’s modulus for its material. 


A steel wire (Y = 2.9 x 107 lb/in.”) 6 ft long and 0.002 in.” in cross section supports a load of 15 Ib. (a) What is its 
elongation? (b) What would its elongation be if the load were doubled to 30 Ib? 


A lead cube 20 mm on each edge is held in the jaws of a vise with a force of 3 KN. By how much is the cube 
compressed? Young’s modulus for lead is 1.6 x 10!° Pa. 


The ultimate strength in tension of a certain type of steel is 5 x 108 Pa. What is the maximum tension a rod made 
of this steel and 25 mm in diameter can withstand? 


An elevator cab weighing 3000 lb is designed for a maximum upward acceleration of 12 ft/s”. If the stress in its 
cable is not to exceed 6000 lb/in.”, what should the cable diameter be? 


A steel cable of cross-sectional area 2.5 cm? supports a 1000-kg elevator. The elastic limit of the cable is 3 x 108 Pa. 
If the stress in the cable is not to exceed 20 percent of the elastic limit, find the maximum upward acceleration of 
the elevator. 

Two steel beams are riveted together to form a single longer beam. Eight rivets 10 mm in diameter are used. If a 
tension force of 55 KN is applied to the new beam, what is the shearing stress on the rivets? How does this compare 


with their shearing strength of 3.5 x 108 Pa? 


Find the force needed to punch a hole 1 in. square in a steel sheet 0.05 in. thick whose shearing strength is 5 x 10+ 
Ib/in.’. 


A punch press that exerts a force of 20 KN is used to punch holes 1 cm square in sheet aluminum. If the shear strength 
of aluminum is 70 MPa, what is the maximum thickness of aluminum sheet that can be used with the press? 


When a pressure of 300 Ib/in.? is applied to a mercury sample, it contracts by 0.008 percent. Find the bulk modulus 
of mercury. 


Answers to Multiple-Choice Questions 


(bd), (c), @) 13.6. (a) 


(b) 13.7. (a) 
(d) 13.8. (b) 
(c) 13.9. (b) 
(b) 13.10. (a) 
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Answers to Supplementary Problems 


(a) Its elongation will be half the former amount. (b) No change. 


(a) Its elongation will be one-quarter the former amount. 


(b) The maximum load will be four times greater. 
1.2 x 10!! Pa 

(a) 0.0186 in. (b) 0.0372 in. 

9.4 x 10-7 mm 

245 kN 

1.9 in 

5.2 m/s” 

8.8 x 10’ Pa; 25% 

10,000 Ib 

7.1 mm 


3.8 x 10° Ib/in.? 
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Simple Harmonic 
Motion 


RESTORING FORCE 


When an elastic object such as a spring is stretched or compressed, a restoring force appears that tries to return 
the object to its normal length. It is this restoring force that must be overcome by the applied force in order to 
deform the object. From Hooke’s law, the restoring force F is proportional to the displacement s provided the 
elastic limit is not exceeded. Hence 


F, = —ks 
Restoring force = —(force constant)(displacement) 


The minus sign is required because the restoring force acts in the opposite direction to the displacement. The 
greater the value of the force constant k, the greater the restoring force for a given displacement and the greater 
the applied force F = ks needed to produce the displacement. 


ELASTIC POTENTIAL ENERGY 


Because work must be done by an applied force to stretch or compress an object, the object has elastic potential 
energy as a result, where 


PE = $ks? 


When a deformed elastic object is released, its elastic potential energy turns into kinetic energy or into work 
done on something else. 


SOLVED PROBLEM 14.1 


A force of 5 N compresses a spring by 4 cm. (a) Find the force constant of the spring. (b) Find the elastic 
potential energy of the compressed spring. 


) = aN = 125 N/ 
C ~ 3 004m ais 
(b) PE = }ks* = (5)(125 N/m)(0.04 m)* = 0.1J 
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SOLVED PROBLEM 14.2 


A spring with a force constant of 200 N/m is compressed by 8 cm. A 250-g ball is placed against the end 
of the spring, which is then released. What is the ball’s velocity when it leaves the spring? 


The kinetic energy of the ball equals the elastic potential energy of the compressed spring. Hence 
KE = PE 


160s 3 Das 
mv = 5ks 


Re 200 NED 0:08 ) = 2.26 m/ 
t= = 025 kg m) = 2.26 m/s 


Two springs, one of force constant k; and the other of force constant k2, are connected end-to-end. (a) Find 
the force constant k of the combination. (b) If kj = 5 N/m and ky = 10 N/m, find k. 


SOLVED PROBLEM 14.3 


(a) When a force F is applied to the combination, each spring is acted on by this force. Hence the respective 
elongations of the springs are 


F F 
s=— y= — 
1 i 2 rie 


and the total elongation of the combination is 


FF _ Fki+k) 


Wes ENS ae aay ae ke 
Since F = ks for the combination, 
F kiko 
mace eee 
(5 N/m)(10 N/m) 
(b) = ————___ = 3,33 N/m 


~ 5N/m+10N/m 


The force constant of the combination is smaller than either of the individual force constants. 


SIMPLE HARMONIC MOTION 


In periodic motion, a body repeats a certain motion indefinitely, always returning to its starting point after a 
constant time interval and then starting a new cycle. Simple harmonic motion is periodic motion that occurs when 
the restoring force on a body displaced from an equilibrium position is proportional to the displacement and in the 
opposite direction. A mass m attached to a spring executes simple harmonic motion when the spring is pulled out 
and released. The spring’s PE becomes KE as the mass begins to move, and the KE of the mass becomes PE again 
as its momentum causes the spring to overshoot the equilibrium position and become compressed (Fig. 14-1). 

The amplitude A of a body undergoing simple harmonic motion is the maximum value of its displacement 
on either side of the equilibrium position. 


PERIOD AND FREQUENCY 


The period T of a body undergoing simple harmonic motion is the time needed for one complete cycle; T is 
independent of the amplitude A. If the acceleration of the body is a when its displacement is s, 


T =27,/-—- 
a 


: displacement 
Period = 2x ,/ —-——___—_ 
acceleration 
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> ictionless 
VV VV VV VV VVN VY ™ fpgeg ——_Eiitiontess Blas es 
surface Equilibrium position 
AAAAAAAAAA)MAA)’A)])AD’AAN oY 
Ss 
KE=0 
Pee Oe Or we ee PE= > ks? 
2 Mass is pulled out a distance s and 
MXXXtt{ MMA ]DDR>R]DRYY released 
cigs 1 
KE= 3 my? 


VDIIIIIIDIIIN 


PE=0 
MXR MARKMRAR M&A AMAMAM HHA 


At s = 0 all the energy is kinetic 


KE=0 
PYODNDDNNNNND J PE= i ks2 Spring is compressed and all the 
; ‘al 
SAGE ASAE SOAS AES SESS SSE SSTE SSAC OSUTUSG UU SU Rn 


aS il 
E== mv 


rYVVVVVUDDUUD . _ ; The mass is at s = 0 and moves in 


the opposite direction 
MX RAIA MMH ASM SS 
Fig. 14-1 


In the case of a body of mass m attached to a spring of force constant k, F. = —ks = ma, and so —s/a = m/k. 


Hence 
/m : 
T =20 ra stretched spring 


The frequency f of a body undergoing simple harmonic motion is the number of cycles per second it executes, 
so that 


Frequency = ——— 
period 


The unit of frequency is the hertz (Hz), where 1 Hz = 1 cycle/s. 


SOLVED PROBLEM 14.4 


A 100-g object is suspended from a spring whose force constant is 50 N/m. (a) By how much does the 
spring stretch? (b) What is the period of oscillation of the system? (c) What is its frequency? 


(a) Here F = mg = (0.1 kg)(9.8 m/s”) = 0.98 N, and so the spring stretches by 
F 0.98 N 


a ae = 0.0196 m = 1.96 cm 
. T=2 [= By = 0.281 

(b) IU Nm 81s 
(c) yae = 3.565 | = 3.56 Hz 


T 0.2818 
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SOLVED PROBLEM 14.5 


An object of unknown mass is suspended from a spring, which stretches by 10 cm as a result. If the 
system is set in oscillation, what will its frequency be? 


The force F that causes the spring to stretch by s = 10 cm = 0.1 mis the weight mg of the unknown mass, so 
the force constant of the spring is 
F 
insgen e? 10mg m7! 
s 0.1 


The period of oscillation of the system is therefore 


P25 Ee 2 i ae 2 : 0.635 
= 21. = 27 = 20. | —_ — XW. Ss 
k 10mg m7! (10 m-!)(9.8 m/s”) 


and the frequency is f = 1/T = 1.58 Hz. 


SOLVED PROBLEM 14.6 


A spring whose force constant is 12 lb/ft oscillates up and down with a period of 0.5 s when a wrench is 
suspended from it. How much does the wrench weigh? 


T =2n "=n ad 
Vk gk 


_ gkT? (32 fi/s?)(12 Ib/ft)(0.5 s)? 
An? 4n? 


Since m = w/g, 


= 2.4 1b 


DISPLACEMENT, VELOCITY, AND ACCELERATION 


If t = O when a body undergoing simple harmonic motion is in its equilibrium position of s = 0 and is moving 
in the direction of increasing s, then at any time ¢ thereafter its displacement is 


s = Asin2zft 
Often this formula is written 
s= Asinat 


where w = 2f is the angular frequency of the motion in radians per second. (If instead the body is ats = +A 
when t = 0, then s = Acos2zft = Acos ot.) Figure 14-2 is a graph of s versus tf. 


Fig. 14-2 
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The velocity of the body at the time f is 
v = 27 fAcos 2nft = wA cos wt 


When v is +, the body is moving in the direction of increasing s; when v is —, it is moving in the direction of 
decreasing s. In terms of the displacement s, the magnitude of the velocity is 


v = nf A2 — s2 
The acceleration of the body at time t is 
a = —4n fA sin27ft = —w A sinat 
In terms of the displacement s, the acceleration is 


a =4n? f*s 


SOLVED PROBLEM 14.7 


An object is oscillating in simple harmonic motion with an amplitude of 10 cm and a period of 2 s. Find 
the magnitudes of its velocity and acceleration when its displacement s from its equilibrium position is 
(a) 0, (b) +5 cm, and (c) —10 cm. 


(a) The frequency of the oscillations is f = 1/T =0.5s7!. Ats =0, 


v = 2nf/ A2 — 5? = 2 fA = (27)(0.5 8~!)(0.10 m) = 0.314 m/s 


a = —4n? f?s =0 


(b) Ats =+5cm, 


v = 2nfy A2 — 5? = (27)(0.5 s'),/(0.10 m)? — (0.05 m)? = 0.272 m/s 
a = —4n? f?s = —(427)(0.5 s!)?(0.05 m) = —0.493 m/s? 


(c) Ats =—10cm=—A, 


v = 2nfV A? — 5s? =0 


a = —4n? f?s = —(427)(0.5 s-')?(0.10 m) = 0.987 m/s” 


SOLVED PROBLEM 14.8 


What is the maximum velocity of a body undergoing simple harmonic motion? At what displacement 
does this velocity occur? 


For a body in simple harmonic motion, v = 27 f/ A? — s?, which is a maximum when s = 0. Hence 
Vmax = 2mfv Ae 0= 2m fA 


This formula gives only the magnitude of Vmax, not its direction. 


SOLVED PROBLEM 14.9 


What is the maximum acceleration of a body undergoing simple harmonic motion? At what displacement 
does this acceleration occur? 
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For a body in simple harmonic motion, a = —4z? f*s, which is a maximum when s = +A, where A is the 
amplitude. Hence 


max = +41? f?A 


The acceleration is negative when s = +A, and the acceleration is positive when s = —A. 


SOLVED PROBLEM 14.10 


Each piston of a certain car engine has a mass of 0.5 kg and has a “stroke” (total travel distance) of 
120 mm. When the engine is operating at 3000 rev/min, find (a) the maximum velocity of each piston, 
(b) its maximum acceleration, and (c) the maximum force on it. Assume that the pistons move up and 
down in simple harmonic motion, which is approximately true. 


(a) The frequency of oscillation of each piston is 3000 cycles/min, which is 


_ 3000 cycles/min 


=50H 
60 s/min oUt 


The amplitude of the motion is half the stroke, so A = 60 mm = 0.6 m. Hence the maximum piston velocity is 
Vmax = 2 fA = (27)(50 s~')(0.06 m) = 18.8 m/s 
(b) The maximum acceleration is 
max = 407 f?A = (417) (50 s~!)?(0.06 m) = 5.92 x 10? m/s 
(c) The maximum force on each piston is 


Fax = MQmax = (0.5 kg)(5.92 x 10° m/s”) = 2.96 x 10? N = 2.96 kN 


ENERGY 


The energy of an oscillator shifts back and forth between its kinetic and potential forms. To find the total energy, 
we note from Prob. 14.8 that the maximum velocity of an oscillating body is Ving, = 27 fA and it occurs when 
the displacement is s = 0. When s = 0, the PE of the body is 0 and its kinetic energy is a maximum, where 


KEmax = 4mv2.,, = 20? f? A” 


2 max 
Hence the total energy E of the oscillator is 
E =2n’ f° A? 


At s = A ands = —A, the extremes of the motion, the body is momentarily at rest and all its energy is PE. At 
s = 0, as noted, all the energy is KE. At all other values of s the total energy is divided between KE and PE. 


SOLVED PROBLEM 14.11 


The amplitude of a simple harmonic oscillator is doubled. How does this affect (a) the period, (b) the 
total energy, and (c) the maximum velocity of the oscillator? 


(a) The period of such an oscillator does not depend on the amplitude of its motion; hence T is unchanged. 


(b) The total energy of the oscillator is equal to the elastic potential energy SkA? at either extreme of its motion, 
when v = 0. Hence doubling A means that the total energy increases fourfold. 

(c) The maximum velocity occurs at s = 0, the equilibrium position, when the entire energy of the oscillator is KE. 
Since KE = imy? and the total energy is four times greater than originally, Vmax must double. 
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SOLVED PROBLEM 14.12 


An object suspended from a spring oscillates at 10 Hz with an amplitude of 5 cm. (a) What is the total 
energy of the motion? (b) What change in the amplitude would double the energy? 


(a) The total energy of the motion is, since A = 0.05 m, 
E = 2n? f? A* = 2n7(10 Hz)?(0.05 m)? = 4.9 J 


(b) Since E is proportional to A”, to double E means increasing the amplitude from A; to A» so that A} = 2A}. 
Hence the new amplitude should be 


Ap = (2A? = V2A, = V2(5 cm) = 7 cm 


PENDULUMS 


A simple pendulum has its entire mass concentrated at the end of a string, as in Fig. 14-3(a), and it undergoes 
simple harmonic motion provided that the arc through which it travels is only a few degrees. The period of a 


simple pendulum of length L is 
[L 
T =27,/-— simple pendulum 
& 


(a) (b) (©) 
Fig. 14-3 


The physical pendulum of Fig. 14-3(b) is an object of any kind which is pivoted so that it can oscillate freely. 
If the moment of inertia of the object about the pivot O is J, its mass is m, and the distance from its center of 
gravity to the pivot is h, then its period is 


I 
T = 2x ,| — physical pendulum 
mgh 


A torsion pendulum consists of an object suspended by a wire or thin rod, as in Fig. 14-3(c), which undergoes 
rotational simple harmonic oscillations. From Hooke’s law, the torque t needed to twist the object through an 
angle @ is 


t= ko 


provided the elastic limit is not exceeded, where K is a constant that depends on the material and dimensions of 
the wire. If J is the moment of inertia of the object about its point of suspension, the period of the oscillations is 


| I 
T =20 ra torsion pendulum 
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SOLVED PROBLEM 14.13 


(a) A pendulum clock is in an elevator that descends at a constant velocity. Does it keep correct time? 
(b) The same clock is in an elevator in free fall. Does it keep correct time? 


(a) The motion of the pendulum bob is not affected by motion of its support at constant velocity, so the clock keeps 
correct time. 


(b) In free fall the pendulum’s support has the same downward acceleration of g as the bob, so no oscillations occur 
and the clock does not operate at all. 


SOLVED PROBLEM 14.14 


A lamp is suspended from a high ceiling with a cord 12 ft long. Find its period of oscillation. 


L 12 ft 
T = 2n,/— = 2n,/ —_,, =3.85s 
& 32 ft/s 


SOLVED PROBLEM 14.15 
Find the length in meters of a simple pendulum whose period is 2 s. 
The first step is to solve the formula T = 27./L/g for L. We proceed as follows: 
7 4? L 
& 
ete 
4? 


Now we substitute g = 9.8 m/s” and T = 2 s, and we obtain 


_ 9.8 m/s*)(2 s)? 


L 
4m? 


= 0.993 m 


SOLVED PROBLEM 14.16 


A broomstick 1.5 m long is suspended from one end and set in oscillation. (a) What is the period of 
oscillation? (The moment of inertia of a thin rod pivoted at one end is J = zmL?.) (b) What would be 
the length of a simple pendulum with the same period? 


(a) The distance h from the pivot to the center of gravity of the broomstick is L/2. Hence 


I mL? /3 2L (2)(1.5 m) 
T =2n,./— =22 = 20 = 20 x = 2.018 
mgh mgL/2 3g (3)(9.8 m/s”) 


(b) From the solution to Prob. 14.15, 


_ gt? — 9.8mis’)(2.01 sy? _ 


L 
4x? 47? 


1.0m 


SOLVED PROBLEM 14.17 


A certain torsion pendulum consists of a 2-kg horizontal aluminum disk 15 cm in radius that is suspended 
from its center by a wire. When a torque of 1 N-m is applied to the disk, it rotates through 15°. Find the 
frequency of oscillation of the disk. 


Since 1° = 0.01745 rad, 15° = 0.262 rad, and the torque constant of the suspension wire is 


et 1N-m 


= — = ——_— = 3.82 N-m/rad 
@ = 0.262 rad 
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From Fig. 10-3 the moment of inertia of the disk is 
Lagp2 1 2 2 
I = 5;MR = (;)(2 kg)(0.15 m)* = 0.0225 kg-m 
The period of oscillation is therefore 
I 0.0225 kg-m? 
JN ee eta 
K 3.82 N-m/rad 


The frequency is f = 1/T = 1/0.482 s = 2.07 Hz. 


SOLVED PROBLEM 14.18 


14.1. 


14.2. 


14.3. 


14.4. 


14.5. 


14.6. 


To determine its moment of inertia about a diameter, a brass hoop is suspended by a wire whose torsion 
constant is K = 25 N-m/rad. The hoop executes 6 oscillations per second. What is the moment of inertia? 


From the formula T = 27./T/K for the period of a torsion pendulum we obtain 1 = T?K/(477). Since 
T = 1/f, the moment of inertia of the hoop is 


K 25 N-m/rad 
Pe = = 0.0176 kg-m? 
4x2 f2  (4n2)(6 s)2 a 


Multiple-Choice Questions 


The period of a simple harmonic oscillator does not depend on which one or more of the following? 

(a) its mass (c) its force constant 

(b) its frequency (d) its amplitude 

The period of a simple pendulum depends upon its 

(a) mass (c) maximum velocity 

(b) length (d) total energy 

When an object that is undergoing simple harmonic motion passes through its equilibrium position, its velocity is 
(a) zero (c) its maximum value 

(b) half its maximum value (d) none of the above 

A spring is cut in three equal parts. If its original force constant was k, each new spring has a force constant of 

(a) k/3 (c) 3k 

(b) k (d) 9k 

A vertical spring 60 mm long resting on a table is compressed by 5.0 mm when a 200-g mass is placed on it. The 
force constant of the spring is 

(a) 1.6N/m (c) 196 N/m 

(b) 40N/m (d) 392 N/m 

A spring is stretched by 30 mm when a force of 0.40 N is applied to it. The potential energy of the stretched spring is 


(a) 2.8x10°3 (c) 60x 1075 
(b) 72x10°3J  (d) 12x 10-5 
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14.7. 


14.8. 


14.9, 


14.10. 


14.11. 


14.12. 


14.13. 


14.1. 


14.2. 


14.3. 


14.4, 


14.5. 


14.6. 


If it is pressed down and released, the mass of Question 14.5 will oscillate up and down with a period of 


(a) 0.0032s (c) 0.148 
(b) 0.057 (d) 0.445 


A particle that undergoes simple harmonic motion has a period of 0.40 s and an amplitude of 12 mm. The maximum 
velocity of the particle is 

(a) 3cm/s (c) 38 cm/s 

(b) 19 cm/s (d) 43 cm/s 

If a mass of 15 g is to oscillate at 12 Hz, it should hang from a spring whose force constant is 

(a) 1.1 N/m (c) 7.1 N/m 

(b) 1.3N/m (d) 85N/m 

The end of a diving board moves down by 30 cm when a girl stands on it. If she then bounces up and down, the 
frequency of the oscillations 

(a) is0.91 Hz (c) is 2.3 Hz 

(b) is 1.1 Hz (d) depends on her mass 


To increase the period of a harmonic oscillator from 3 to 6 s, its original mass of 20 g should be changed to 

(a) 5g (c) 40g 

(b) 10g (d) 80g 

The 400-g piston in a compressor oscillates up and down through a total distance of 80 mm. The maximum force 
on the piston when it goes through 10 cycles/s is 

(a) 1.0N (c) 63N 

(b) 6.3N (d) 126N 

A boy holding on to the end of a rope swings back and forth once every 4.0 s. The length of the rope 


(a) is2.5m (c) is6.2m 
(b) is4.0m (d) cannot be found without knowing the boy’s mass 


Supplementary Problems 


What change in mass is required to double the frequency of a harmonic oscillator? 


The total energy of a harmonic oscillator is doubled. What effect does this have (a) on the amplitude of the oscillations 
and (b) on their frequency? 


A 500-g object is dropped on a vertical spring from a height of 2 m. If the maximum compression of the spring is 
10 cm, find its force constant. 


A toy gun uses a spring whose force constant is 100 N/m to propel an 8-g rubber pellet. If the spring is compressed 
by 5 cm when the trigger is pulled, what is the pellet’s initial velocity? 


A 5-Ib object is suspended from a spring whose force constant is 40 lb/ft. Find (a) the amount by which the spring 
is stretched, (b) the elastic potential energy of the stretched spring, and (c) the period of oscillation of the system. 


A 30-g mass is suspended from a spring whose force constant is 20 N/m. Find (a) the amount by which the spring 
is stretched, (b) the elastic potential energy of the stretched spring, and (c) the period of oscillation of the system. 
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14.7. 


14.8. 


14.9. 


14.10. 


14.11. 


14.12. 


14.13. 


14.14. 


14.15. 


14.16. 


14.17. 


14.18. 


14.19. 


14.20. 


14.1. 


14.2. 


14.3. 


14.4. 


14.5. 


14.6. 


14.7. 
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A 200-lb portable gasoline-powered generating set is placed on four springs, which are depressed by 0.5 in. What 
is the natural frequency of vibration of this system? 


A spring has a 0.3-s period of oscillation when a 30-N weight is suspended from it. By how much will the spring 
stretch when a 50-N weight replaces the 30-N weight? 


A hammer suspended from a spring whose force constant is 180 N/m oscillates up and down 120 times per minute. 
What is the mass of the hammer? 


A shaking table used to study the effects of accelerations on electronic equipment undergoes simple harmonic motion 
with an amplitude of 20 mm. At what frequency will the maximum acceleration equal 10g? 


An object is oscillating in simple harmonic motion with an amplitude of 1 cm and a period of 0.2 s. Find the 
magnitudes of its velocity and acceleration when its displacement from the equilibrium position is 0.3 cm. 


Find the total energy of the oscillator of Prob. 14.11. 


The piston of a refrigeration compressor weighs 1 Ib and has a stroke of 3 in. When the compressor is operated at 
600 rev/min, find the piston’s maximum velocity and acceleration and the maximum force acting on it. 


Find the frequency of a simple pendulum 20 cm long. 
What is the length in inches of a simple pendulum whose period is 1 s? 
A pendulum 1.00 m long oscillates 30.0 times per minute in a certain location. What is the value of g there? 


The prongs of a tuning fork vibrate at 440 Hz (the musical note A) with an amplitude of 0.5 mm at the tips. Find the 
maximum velocity of the tips. 


A uniform steel girder 20 ft long is suspended from one end. What is the period of its oscillations? 


A 24-kg wooden sphere whose diameter is 40 cm is suspended by a wire. A torque of 0.5 N-m is found to rotate the 
sphere through 10°. Find the period of oscillation of the sphere. 


A disk whose moment of inertia is 0.5 kg-m? is suspended by a thin rod. When the disk is turned through a few 
degrees and then released, it oscillates back and forth twice per second. Find the torsion constant of the rod. 


Answers to Multiple-Choice Questions 


(d) «14.8. (b) 
(b) 14.9. (d) 
(c) 14.10. (a) 
(c) 14.11. (d) 
(d) 1412. (c) 


(c) 14.13. (b) 
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14.1. 
14.2. 


14.3. 


14.4, 
14.5. 


14.6. 


14.7. 


14.8. 


14.9, 


14.10. 


14.11. 


14.12. 


14.13. 


14.14. 


14.15. 


14.16. 


14.17. 


14.18. 


14.19. 


14.20. 


Answers to Supplementary Problems 


The mass must be reduced to one-fourth its original value. 


(a) V2greater (b) Nochange 
2.06 kN/m 


5.6 m/s 
(a) 0.125 ft (b) 0.3125 ft-lb (c) 0.393 s 


(a) 1.47 cm (b) 2.16 x 10-7 J (c) 0.245 
2.21 Hz 

37 mm 

1.1 kg 

11 Hz 

0.300 m/s; 2.96 m/s? 
0.049 J 

7.85 ft/s; 493 ft/s?; 15.4 Ib 
1.11 Hz 

9.73 in. 

9.87 m/s? 

0.69 m/s 

3.85 s 

2.30 s 


79 N-m/rad 
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Waves and Sound 


WAVES 


A wave is, in general, a disturbance that moves through a medium. (An exception is an electromagnetic wave, 
which can travel through a vacuum. Examples are light and radio waves.) A wave carries energy, but there is no 
transport of matter. In a periodic wave, pulses of the same kind follow one another in regular succession. 

In a transverse wave, the particles of the medium move back and forth perpendicular to the direction of the 
wave. Waves that travel down a stretched string when one end is shaken are transverse (Fig. 15-1). 


— 
Wave 


direction 


Fig. 15-1 


In a longitudinal wave, the particles of the medium move back and forth in the same direction as the wave. 
Waves that travel down a coil spring when one end is pulled out and released are longitudinal (Fig. 15-2). Sound 
waves are also longitudinal. 


Wave direction 
SS 
ew Compression Rarefaction 


Fig. 15-2 


Water waves are a combination of longitudinal and transverse waves. Each particle near the surface moves 
in acircular orbit, as shown in Fig. 15-3, so that a succession of crests and troughs occurs. At a crest, the surface 
water moves in the direction of the wave; at a trough, it moves in the opposite direction. As in all types of wave 
motion, there is no net movement of matter from one place to another. 
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—_ 
Wave direction Urbita ed 
Waker puurLicles 


Fig. 15-3 


WAVE PROPERTIES 


The period T of a wave is the time required for one complete wave to pass a given point. The frequency f is the 
number of waves that pass that point per second [Fig. 15-4(a)], so 


fz 1 

“i 
Frequency = ——— 
period 


As in the case of periodic motion, the unit of wave frequency is the hertz (Hz). Multiples of the hertz are 
used for high frequencies: 


1 kilohertz = 1 kHz = 10° Hz 
1 megahertz = 1 MHz = 10° Hz 
1 gigahertz = 1 GHz = 10° Hz 


Wave variable 


Amplitude, A 


Wave variable 


Distance 


Fig. 15-4 
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The wavelength x (Greek letter lambda) of a periodic wave is the distance between adjacent wave crests 
[Fig. 15-4(b)]. Frequency and wavelength are related to wave velocity by 


v= fr 
Wave velocity = (frequency)(wavelength) 


The amplitude A of a wave is the maximum displacement of the particles of the medium through which the 
wave passes on either side of their equilibrium positions. In a transverse wave, the amplitude is half the distance 
between the top of a crest and the bottom of a trough (Fig. 15-4). 

The intensity I of a wave is the rate at which it transports energy per unit area perpendicular to its direc- 
tion of motion. The intensity of a mechanical wave (one that involves moving matter, in contrast to, say, an 
electromagnetic wave) is proportional to f?, the square of its frequency, and to A”, the square of its amplitude. 


SOLVED PROBLEM 15.1 


As a phonograph record turns, a certain groove passes the needle at 25 cm/s. If the wiggles in the groove 
are 0.1 mm apart, what is the frequency of the sound that results? 


Here the wavelength of the wiggles is A = 0.1 mm = 107“, so they pass the needle at the rate of 
v _ 0.25 mis 


aA 10-+m 


This is therefore the frequency of the sound waves produced by the electronic system of the record player. 


= 2500 Hz 


SOLVED PROBLEM 15.2 


The velocity of sound in seawater is 1531 m/s. Find the wavelength in seawater of a sound wave whose 
frequency is 256 Hz. 


vi 1531 m/s 


i = 
f 256Hz 


= 5.98 m 


SOLVED PROBLEM 15.3 


A tuning fork vibrating at 300 Hz is placed in a tank of water. (a) Find the frequency and wavelength of 
the sound waves in the water. (b) Find the frequency and wavelength of the sound waves produced in the 
air above the tank by the vibrations of the water surface. The velocity of sound is 4913 ft/s in water and 
1125 ft/s in air. 


(a) In the water, the frequency of the sound waves is the 300 Hz of their source, and their wavelength is 


Vp 4913 ft/s 


1 SS Sa ae 
Jf 300 Hz 


= 16.4 ft 
(b) In the air, the frequency of the sound waves is the same as the frequency of their source, which is the vibrating 
water surface. Hence f = 300 Hz. The wavelength is different, however: 


v2 1125 ft/s 


= = 
f  300Hz 


= 3.75 ft 


SOLVED PROBLEM 15.4 


A certain radar emits 9400-MHz radio waves in groups 0.08 jus in duration. (The time needed for these 
groups to reach a target, be reflected, and return to the radar indicates the distance of the target.) The 
velocity of these waves, like other electromagnetic waves, is c = 3.00 x 10° m/s. Find (a) the wavelength 
of these waves, (b) the length of each wave group, which governs how precisely the radar can measure 
distances, and (c) the number of waves in each group. 
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(a) Since 1 MHz = 10° Hz, 9400 MHz = 9.4 x 10° Hz, and 


_ ¢ _ 3.00 x 10° m/s 


=F = O4ax10H = 3.19 x 10°? m = 3.19 cm 
+ X Z 


(b) Since 1 ws = 10~* s, 0.08 xs = 8 x 1078 s, and the length s of each wave group is 
s = ct = (3.00 x 10° m/s)(8 x 107° s) = 24m 
(c) There are two ways to find the number n of waves in each group: 


ft = (9.4 x 10° Hz)(8 x 107° s) = 752 waves 
so 24m 
d 3.19 x 10-2 m 


n 


= 752 waves 


SOLVED PROBLEM 15.5 


An anchored boat is observed to rise and fall through a total range of 2 m once every 4 s as waves whose 
crests are 30 m apart pass it. Find (a) the frequency of the waves, (b) their velocity, (c) their amplitude, 
and (d) the velocity of an individual water particle at the surface. 


(a) sn 2 Hs 
a las aa ras i Z 
(db) v = fr = (0.25 Hz)(30 m) = 7.5 m/s 


(c) The amplitude is half the total range so A = 1 m. 


(d) As each wave passes, the water particles at the surface move in circular orbits of radius r = A = 1 m (see 
Fig. 15-3). The circumference of such an orbit is 


s =2nr = (27)(1m) = 6.28m 
The waves have the period 4 s, which means that each surface water particle must move through its 6.28-m 
orbit in 4 s. The velocity of such a water particle is therefore 


So 6.28 m 


T 4s 


= 1.57 m/s 


Note that the wave velocity here is 7.5 m/s, nearly five times greater. This signifies that the motion of a wave 
can be much faster than the motions of the individual particles of the medium in which the wave travels. 


LOGARITHMS 


Although logarithms have many other uses, their chief application in applied physics is in connection with the 
decibel, which is described in the next section. Logarithms are discussed here only to the extent required for this 


purpose. 
The logarithm of a number N is the power n to which 10 must be raised in order that 10” = N. That is, 


N = 10" therefore log N=n 


(Logarithms are not limited to a base of 10, but base-10 logarithms are the most common and are all that are 
needed here.) For instance, 


1000 = 10° therefore log 1000 = 3 
0.01= 10° _ therefore log 0.01 = —2 
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Logarithms are not limited to powers of 10 that are whole numbers. For instance, 


5 = 10° therefore log 5 = 0.669 
240 = 10778° therefore — log 240 = 2.380 


Logarithms are defined only for positive numbers. The quantity 10” is positive whether n is negative, positive, 
or 0; and since n is the logarithm of 10”, it can only describe a positive number. 
The antilogarithm of a quantity n is the number N whose logarithm it is. That is, 


If log N=n then antilog n = N 


To find an antilogarithm with a calculator, enter the value of the logarithm and press the 10* INV LOG on some 
calculators) button. For instance, 


If log 5 = 0.669 then antilog 0.669 = 5 


Because of the way logarithms are defined, the logarithm of a product equals the sum of the logarithms of 
the factors: 


log xy = log x + log y 
Other useful relations are 
log = = log x — log y 
y 


log x” = nlog x 


SOUND 


Sound waves are longitudinal waves that consist of varying pressures. They can travel through solids, liquids, 
and gases. As a sound wave passes a point, the medium becomes alternately squeezed and expanded, so the wave 
consists of regions of compression and rarefaction that follow each other. Figure 15-5 shows how such regions 
move outward from the vibrating cone of a loudspeaker. The changes in pressure cause our eardrums to vibrate 
with the same fequency, and this produces the sensation of sound. 


Rarefaction 
(low pressure) 


ZAIN 


Compression 
(high pressure) 


Fig. 15-5. From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw-Hill 
Companies. Reproduced with permission of The McGraw-Hill Companies. 


The speed of sound is a constant for a given material under given conditions; in air at 1-atm pressure and 
20°C it is 343 m/s. Sound travels faster in solids and liquids than in gases. 

When sound waves spread out uniformly in space, their intensity decreases inversely with the square of the 
distance R from their source. Thus if the intensity of a certain sound is J; at the distance Rj, its intensity J, at 
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the distance R, can be found from 


IR 
eee. 


The response of the human ear to sound intensity is not proportional to the intensity, so doubling the actual 
intensity of a certain sound does not lead to the sensation of a sound twice as loud but only of one that is slightly 
louder than the original. For this reason the decibel (dB) scale is used for loudness, or sound intensity level. An 
intensity of 10~!? W/m?, which is just audible, is given the value 0 dB; a sound 10 times more intense is given 
the value 10 dB; a sound 10? times more intense than 0 dB is given the value 20 dB; a sound 10? times more 
intense than 0 dB is given the value 30 dB; and so forth. Formally, the sound intensity level 6 (Greek letter beta), 
in dB, of a sound wave whose intensity is J, in W/m”, is given by 


I 
B (dB) = 10 log — 
Io 


where Jo = 107!2 W/m?. Normal conversation might be 60 dB, city traffic noise might be 90 dB, and a jet 
aircraft might produce as much as 140 dB (which produces damage to the ear) at a distance of 30 m. Long-term 
exposure to intensity levels of over 85 dB usually leads to permanent hearing damage. 

If the power input to an amplifier or other signal processing device is Pi, and the power output of the device 
is Pout, the power gain G of the system in decibels is defined as 


Pout 


G dB = 10 log 


in 


A change in audio power output of | dB is about the minimum that can be detected by a person with good 
hearing; usually the change must be 2 or 3 dB to be apparent. 


SOLVED PROBLEM 15.6 
How many times more intense is a 50-dB sound than a 40-dB sound? Than a 20-dB sound? 


Each interval of 10 dB represents a change in sound intensity by a factor of 10. Hence a 50-dB sound is 10 times 
more intense than a 40-dB sound and 10 x 10 x 10 = 1000 times more intense than a 20-dB sound. 


SOLVED PROBLEM 15.7 
What is the intensity in watts per square meter of the 70-dB noise of a truck passing by? 


An intensity of 0 dB is equivalent to 10~!* W/m’. Since a sound of 70 dB is 10’ times more intense, it is 
equivalent to a rate of energy flow of 


I = (10’)(107"? W/m?) = 107° W/m? 


SOLVED PROBLEM 15.8 


A certain person speaking normally produces a sound intensity level of 40 dB at a distance of 1.0 m. If 
the threshold intensity for reasonable audibility is 20 dB, how far away can the person be heard clearly? 


A change of 20 dB in sound intensity is equivalent to a ratio of 10 x 10 = 100. Hence 


Ih RK 
I, R3 
I 
Ry = R,,| = = (1.0 m)(vV'100) = 10m 
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SOLVED PROBLEM 15.9 


Seventy-six trombones are being played, with each one producing a sound intensity level of 70 dB in the 
audience. What is the total sound intensity level? 


If the intensity of one trombone is /,, its sound intensity level is 
q 
B, = 10 log — = 70 dB 
Ip 


The intensity of 76 trombones is 76/;. Because log xy = log x + log y and log 76 = 1.9, the sound intensity level 
of the trombones is 


76 I, vf I 
B75 = 10 log = 10[ log 76 + log — } = 10 log 76+ 10 log — 
Io Ip Io 


10(1.9) dB + 6; = 19 dB + 70 dB = 89 dB 
Increasing the sound intensity by a factor of 76 (7600 percent) leads to only a 27 percent increase in the perceived 


loudness. This is the reason why, for example, a solo instrument can be distinguished in a concerto even though a 
full orchestra is playing at the same time. 


SOLVED PROBLEM 15.10 


Find the power gain of an amplifier whose power input is 0.2 W and whose power output is 80 W. 


G 4B = 10 log ** = 10 tog °2™ = 10 10g 400 = 100160) = 26 0B 
a 000 


SOLVED PROBLEM 15.11 


A record player pickup has an output of 0.002 1 W. What is the output power when a 100-dB amplifier is 
used with it? 


We start with the definition 


P. out 
G dB = 10 log 
and divide both sides by 10 to give 
G dB Prout 
—— = log 
10 Pn 
Now we take the antilogarithm of both sides: 
. G d P. out 
antilog = 
10 Pin 
; B _9 ., _ LOO 
Hence Pour = Pin antilog = (2 x 10°” W) { antilog 0 


= (2 x 10°? W)(antilog 10) = (2 x 10°? W)(10"°) = 2 x 10' W = 20 W 


SOLVED PROBLEM 15.12 


An RG-58/U coaxial cable has a signal attenuation of 23 dB per 100 m at a frequency of 160 mHz. A 
20-m length of this cable is used to couple a 25-W VHF radio transmitter that operates at 160 mHz to an 
antenna. How much power reaches the antenna? 
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Attenuation refers to a loss of power, so the power gain of this type of cable is —23 dB per 100 m. Since the 
cable length here is 20 m, the power gain is (20/100)(—23 dB) = —4.6 dB. From the solution to Prob. 15.11, 


... GdB 
Pour = Pin antilog 


(25 W) ( antil aad 
= anuvilo 
510 


(25 W)(0.35) = 8.7 W 


Less than half the power reaches the antenna. 


SOLVED PROBLEM 15.13 


An audio system is made up of components with the following power gains: preamplifier, +35 dB; 
attenuator, —10 dB; amplifier, +-70 dB. What is the overall gain of the system? 


Since power gains in decibels are logarithmic quantities, the overall gain in decibels of a system of several 
devices is equal to the sum of the separate gains in decibels of the devices: 


G (overall) = G; + G+ G3+4+--:- 
G (overall) = +35 dB — 10 dB + 70 dB = +95 dB 


DOPPLER EFFECT 


When there is relative motion between a source of waves and an observer, the apparent frequency of the waves 
is different from their frequency fs at the source. This change in frequency is called the Doppler effect. When 
the source approaches the observer, as in Fig. 15-6 (a), the wavelength of the waves is shorter than when there is 
no relative motion, and the observed frequency is higher. When the source moves away from the observer, as in 
(b), the wavelength of the waves is longer and the observed frequency is lower. Similar effects occur when the 
source is stationary and the observer is moving toward or away from it. 


(@) (b) 
Fig. 15-6 


In the case of sound waves, the frequency f that a listener hears is given by 


tf = fs (*) sound 


V—Vs 


In this formula v is the velocity of sound, vz is the velocity of the listener (considered positive for motion toward 
the source and negative for motion away from the source), and v, is the velocity of the source (considered positive 
for motion toward the listener and negative for motion away from the listener). 

The Doppler effect in electromagnetic waves (light and radio waves are examples) obeys the formula 


1+ (/c) 


1/2 
—_——. electromagnetic waves 
1—(v/c) 


f= t| 
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Here c is the velocity of light (3.00 x 10° m/s), and v is the relative velocity between source and observer 
(considered positive if they are approaching and negative if they are receding). Astronomers use the Doppler 
effect in light to determine the motions of stars. Police use the effect in “radar guns” that send out pulses of 
short-wavelength radio waves that are reflected from a moving vehicle. When the reflected pulses return to the 
radar gun, the Doppler shift in their frequency is measured and reveals the speed of the vehicle. 


SOLVED PROBLEM 15.14 


The siren of a fire engine has a frequency of 500 Hz. (a) The fire engine approaches a stationary car at 
20 m/s. What frequency does a person in the car hear? (b) The fire engine stops and the car drives away 
from it at 20 m/s. What frequency does the person in the car hear now? 


(a) Here fs = 500 Hz, v = 343 m/s, vs = +20 m/s, and v, = 0. Hence the perceived frequency of the siren is 


343 m/ 
f= fs (22%) = 00H | OP | = 531 He 
V—Vs 


(343 — 20) m/s 
(b) In this case v; = 0 and v, = —20 m/s. The perceived frequency of the siren is 
43 — 2 
R= fs (—— = (500 Hz) Rese ane be 471 Hz 
V—Vs 343 m/s 
SOLVED PROBLEM 15.15 


A person arriving late at a concert hurries toward her seat so fast that the note middle C (262 Hz) appears 
1 Hz higher in frequency to her. How fast is she moving? 


The first step is to solve for v,; the formula for the frequency the listener hears. Since vs = 0, 


f sp aan 
Is v Vv 
VL wes 

v fs 


Here v = +343 m/s, f = 262 Hz, and f;, = 263 Hz, so 


263 Hz 
262 Hz 


vp = 343 m/s) ( 1) = 1.3 m/s 


SOLVED PROBLEM 15.16 


A distant galaxy of stars in the constellation Hydra is moving away from the earth at 6.1 x 10’ m/s. One 
of the characteristic wavelengths in the light the galaxy emits is 5.5 x 10~’ m. What is the corresponding 
wavelength measured by astronomers on the earth? 


Since f =c/A and fs = c/As, we have 


_ , fits]? 
Filme 
ec ¢ fl+(v/o)]? 
dh As L1—(/c) 


yee ee) ye 
=F 09 
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15.1. 


15.2. 


15.3. 


15.4. 


15.5. 


15.6. 


15.7. 


15.8. 


15.9. 


Here the galaxy is receding, so v = —6.1 x 107 m/s and 


1 — (—6.1 x 107 m/s)(3 x 108 m/s) 1” 
1 + (—6.1 x 107 m/s)(3 x 108 m/s) 


A = (5.5 x 1077 m/s) | 


1/2 
= (5.5 x 1077 m) 1+ 0.203 
1 — 0.203 


= 83x 107m 


Multiple-Choice Questions 


The lower the frequency of a wave, 

(a) the higher its velocity (c) _ the smaller its amplitude 

(b) the longer its wavelength (d) the shorter its period 

An entirely longitudinal wave is 

(a) awater wave (c) an electromagnetic wave 

(b) asound wave (d) a wave ina stretched string 

Sound cannot travel through a 

(a) vacuum (c) liquid 

(b) gas (d) solid 

Of the following properties of a wave, the one that is independent of the others is its 

(a) velocity (c) frequency 

(b) wavelength (d) amplitude 

When a sound wave goes from air into water, the wave property that does not change is its 

(a) velocity (c) frequency 

(b) wavelength (d) amplitude 

The wavelength of 400-Hz sound waves in air relative to the wavelength of 800-Hz sound waves in air is 
(a) half as long (c) twice as long 

(b) the same (d) 4 times as long 

A spacecraft is approaching the earth. Relative to the radio signals it sends out, the signals received on the earth have 
(a) a lower frequency (c) ahigher velocity 

(b) ashorter wavelength (d) all of the above 

A radio station broadcasts at a frequency of 660 kHz. The wavelength of these waves is 

(a) 2.2mm (c) 4.55 km 

(b) 455m (d) 1.98 x 10'4m 

Waves whose crests are 30 m apart reach an anchored boat once every 3.0 s. The wave velocity is 


(a) Olm/s  (c) 10m/s 
(b) 5m/s (d) 900 m/s 
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An 80-dB sound relative to a 30-dB sound is more intense by a factor of 


(a) 5 (c) 500 
(b) 50 (d) 10° 


A sound intensity level of 55 dB is produced by 10 flutes. The number of flutes needed to produce a level of 65 dB 
under the same circumstances is 


(a) 20 (c) 100 
(b) 60 (d) 200 


Supplementary Problems 


What quantity is carried by all types of waves from their source to the place where they are eventually absorbed? 
Find the wavelength in air of a sound wave whose frequency is 440 Hz. 


A tuning fork vibrating at 600 Hz is immersed in a tank of water, and the resulting sound waves in the water are 
found to have a wavelength of 2.5 m. What is the velocity of sound in the water? 


A wave of frequency f; and wavelength A; goes from a medium in which its velocity is v to another medium in 
which its velocity is 2v. Find the frequency and wavelength of the wave in the second medium. 


A violin string is vibrating at a frequency of 440 Hz. How many vibrations does the string make while its sound 
travels 200 m in air? 


What is the intensity in W/m? of the 120-dB sound from a siren? 


How many times more intense than the 60-dB sound of a person talking loudly is the 100-dB sound of a power lawn 
mower? 


Sound waves whose intensities exceed about 1 W/m? cause damage to the ear. How many decibels is this equivalent to? 


A certain jet aircraft produces sound of 140-dB intensity at a distance of 30 m. How many km away is the intensity 
90 dB? 


What is the power gain in decibels of an amplifier whose power input is 0.15 W and whose power output is 6 W? 


Two pneumatic hammers are being used to dig up a pavement. If one of them produces a sound intensity level of 
95 dB, what is the total sound intensity level? 


What is the ratio between the output and input powers of a 30-dB amplifier? 
A 60-dB amplifier has an output of 25 W. What is the input power? 


A 1.2-kW radio transmitter is coupled to an antenna by a cable whose attenuation is 1.8 dB. How much power 
reaches the antenna? 


A preamplifier whose gain is 20 dB is used with a 50-dB amplifier. What is the total gain of the system? 


The frequency of a train’s whistle is 800 Hz. The train is moving south at 120 km/h, and on a parallel road a car is 
moving north toward the train at 80 km/h. What frequency is heard by the people in the car? 
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15.17. 


15.18. 


15.1. 


15.2. 
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15.4. 


15.5. 


15.6. 


15.1. 


15.2. 


15.3. 


15.4. 


15.5. 


15.6. 


15.7. 


15.8. 


15.9. 


The car and train of Prob. 15.16 pass each other and continue moving at the same velocities. What frequency is heard 
by the people in the car now? 


A spacecraft moving away from the earth at 97 percent of the velocity of light transmits data at the rate of 1 x 10+ 


pulses/s. At what rate is the data received on the earth? (Actual spacecraft do not travel this fast; the highest velocity 
of the Apollo 11 spacecraft that went to the moon was only 0.0036 percent of the velocity of light.) 


Answers to Multiple-Choice Questions 


(b) 15.7. (b) 
(b) 15.8. (b) 
(a) 15.9. (c) 
(d) 15.10. (d) 


(c) 15.11. (c) 


(c) 
Answers to Supplementary Problems 

Energy 15.10. 16 dB 

78 cm 15.11. 98 dB 

1500 m/s 15.12. 1000 

fr = fi, 42 = 2A1 15.13. 25 uW 

266 vibrations 15.14. 793 W 

10 W/m? 15.15. 70 dB 


10* = 10, 000 times more intense 15.16. 939 Hz 
120 dB 15.17. 678 Hz 


9.5 km 15.18. 1.23 pulses/s 


CHAPTER 16 


Fluids at Rest 


DENSITY 


The density d of a substance is its mass per unit volume. The SI unit of density is kilograms per cubic meter 
(kg/m); the density of aluminum, for instance, is 2700 kg/m?. Another common unit of density is grams per 
cubic centimeter (g/cm?). Since | kg = 1000 g and 1 m? = (100 cm)? = 10° cm?, 


1 g/cm? = 10° kg/m? 


Hence the density of aluminum can also be given as 2.7 g/cm’. 

In British units density is properly expressed in slugs per cubic foot. The density of aluminum in these units 
is 5.3 slugs/ft?. Because weight rather than mass is normally specified in this system, the quantity weight density 
is customarily used. The weight density of a substance is its weight per unit volume. Thus the weight density of 
aluminum is 170 Ib/ft*. There is no special symbol for weight density, and either w /V or dg can be used for it. 


SPECIFIC GRAVITY 
The specific gravity (or relative density) of a substance is its density relative to that of pure water, which is 
d(water) = 1000 kg/m? = 1.00 g/cm? = 1.94 slugs/ft® 
The weight density of water is 
dg(water) = 62 lb/ft? 


Since the density of water is 1 g/cm’, the specific gravity of a substance is the same as the numerical value of its 
density given in grams per cubic centimeter. Thus the specific gravity of aluminum is 2.7. 


SOLVED PROBLEM 16.1 


The specific gravity of gold is 19. (a) What is the mass of 1 cm? of gold? (b) What is the weight of 1 in.? 
of gold? 


(a) Since the density of water is | g/cm, the density of gold is 19 g/cm? and | cm? has a mass of 19 g. 


(b) Since the weight density of water is 62 lb/ft?, the weight density of gold is dg = (19)(62) Ib/ft? = 1200 Ib/ft*. 
Because | ft? = (12 in.)(12 in.)(12 in.) = 1728 in.*, a cubic inch of gold weighs 


~ dev = (1200 1f ) ort 
ene eae fe) \1728im) 
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SOLVED PROBLEM 16.2 


The density of mammals is roughly the same as that of water. Find the volume of a 250-kg lion. 


250 k 
yo eo ost 
d 1000 kg/m 


SOLVED PROBLEM 16.3 
An oak beam 10 cm by 20 cm by 4 m has a mass of 58 kg. Find the density and specific gravity of oak. 


The volume of the beam is V = (0.1 m)(0.2 m)(4 m) = 0.08 m’, and so its density is 
m 58 kg 


ego kg/m? 


Since the density of water is 1000 kg/m’, the specific gravity (sp gr) of oak is 


oak 725 0.725 
sp er = = —  =0. 
De den 1000 


SOLVED PROBLEM 16.4 


How much does the air in a room 12 ft square and 10 ft high weigh? The weight density of air is 0.08 Ib/ft* 
at sea level. 


The volume of the room is V = (12 ft)(12 ft)(10 ft) = 1440 ft?. Hence the weight of the air is 
w = (dg)V = (0.08 lb/ft?) (1440 ft?) = 115 Ib 


PRESSURE 


When a force acts perpendicular to a surface, the pressure exerted is the ratio between the magnitude of the force 
and the area of the surface: 


F 
| aaa 
A 
force 
Pressure = 
area 


Pressures are properly expressed in pascals (1 Pa = 1 N/m?) or in pounds per square foot, but other units 
are often used: 


1 Ib/in? = 144 lb/ft? 
1 atmosphere (atm) = average pressure exerted by earth’s atmosphere at sea level 
= 1.013 x 10° Pa = 14.7 Ib/in.? 
1 bar = 10° Pa (slightly less than 1 atm) 
1 millibar (mb) = 100 Pa (widely used in meteorology) 


1 torr = 133 Pa (widely used in medicine for blood pressure) 


GAUGE PRESSURE 


Pressure gauges measure the difference between an unknown pressure and atmospheric pressure. What they 
measure is known as gauge pressure, and the true pressure is known as absolute pressure: 


P = Pgauge + Patm 


Absolute pressure = gauge pressure + atmospheric pressure 
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A tire whose gauge pressure is 2 bar contains air at an absolute pressure of about 3 bar, since sea-level atmospheric 
pressure is about | bar. 


SOLVED PROBLEM 16.5 


A 65-kg woman balances on the heel of her right shoe, which has a circular base 1 cm in radius. How 
much pressure does she exert on the ground? 


The area of the heel is A = zr? = 3.14 cm? = 3.14 x 1074 m’. Hence the pressure is 


F mg _ (65kg)(9.8 m/s’) 
A A 3.14x 10-4 m? 


p= = 2.03 x 10° Pa = 20.3 bar 


Since atmospheric pressure is 1.013 bar, this pressure is 20 times atmospheric pressure. 


SOLVED PROBLEM 16.6 


The weight of a car is equally supported by its four tires. The gauge pressure of the air in the tires is 2.0 
bar and each tire has an area of 140 cm? in contact with the ground. What is the mass of the car? 


The load on each tire consists of one-quarter of the car’s weight plus the weight of the column of air directly 
above the area of the tire in contact with the ground, since this part of the tire has no air under it to provide an 
equal upward force. Therefore, only the gauge pressure of the air in the tires, which is the excess over atmospheric 
pressure, acts to support the car’s weight. Since Pgauge = 2.0 bar = 2.0 x 10° Pa, each tire supports a weight of 


W = Mg = PeaugeA = 2.0 bar = (2.0 x 10° Pa)(140 cm?)(10~4 m?/cm”) = 2800 N 


The weight of the entire car is 4w and its mass is 


_ 4w _ (4)(2800N) 


M 2 
g 9.8 m/s 


= 1143 kg 


SOLVED PROBLEM 16.7 


The flat roof of a house is 30 ft long and 25 ft wide and weighs 15,000 lb. Before a severe storm the 
doors and windows of the house are closed so tightly that the air pressure inside remains at a normal 
14.7 Ib/in.? even when the outside pressure falls to 14.3 Ib/in.2. Compare the upward force on the roof 
with its weight. 


The area of the roof is A = (30 ft)(25 ft) = 750 ft?. The difference between the pressure on the inside and 
outside of the roof is Ap = (14.7 — 14.3) ft/in.? = 0.4 Ib/in.?. Because the pressure on the inside of the roof is 
greater, the net force on it is upward with the magnitude 


: Ib \ (144 in2 
F = AAp = (750 ft*) | 0.4 — ——— ]} = 43,200 lb 
in.2 ft? 


This is nearly three times the roof’s weight. If the roof is not securely attached to the walls of the house and if the 
windows do not break first, the roof will be lifted off during the storm. Evidently a building should not be sealed 
when a large drop in pressure due to a storm is forecast. 


PRESSURE IN A FLUID 


Pressure is a useful quantity where fluids (gases and liquids) are concerned because of the following properties 
of fluids: 


1. The forces that a fluid exerts on the walls of its container, and those that the walls exert on the fluid, 
always act perpendicular to the walls. 


2. The force exerted by the pressure in a fluid is the same in all directions at a given depth. 
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3. Anexternal pressure exerted on a fluid is transmitted uniformly throughout the fluid. This does not mean 
that pressures in a fluid are the same everywhere, because the weight of the fluid itself exerts pressures 
that increase with increasing depth. The pressure at a depth h in a fluid of density d due to the weight 
of fluid above is 


Hence the total pressure at that depth is 


DP = Pexternal + dgh 


When a body of fluid is in an open container, the atmosphere exerts an external pressure on it. 


SOLVED PROBLEM 16.8 


The interior of a submarine located at a depth of 50 m in seawater is maintained at sea-level atmospheric 
pressure. Find the force acting on a window 20 cm square. The density of seawater is 1.03 x 10° kg/m?. 


The pressure outside the submarine is p = Pam + dgh, and the pressure inside is Pam. Hence the net pressure 
p’ acting on the window is 


p' = dgh = (1.03 x 10° kg/m?)(9.8 m/s”)(50 m) = 5.05 x 10° Pa 
Since the area of the window is A = (0.2 m)(0.2 m) = 0.04 m’, the force acting on it is 


F = p'A = (5.05 x 10° Pa)(4 x 10°? m?) = 2.02 x 10° N 


SOLVED PROBLEM 16.9 


What is the pressure at the bottom of a swimming pool 6 ft deep that is filled with freshwater? Express 
the answer in pounds per square inch. 


P = Patm an (dg)h 
2 


= 14.7 Zs + (62 a (6 ft) ies = 17.3 lb/in” 
ee ane fe ney 


Note the use of the conversion factor 1 ft?/144 in.?. 


ARCHIMEDES’ PRINCIPLE 


An object immersed in a fluid is acted on by an upward force that arises because pressures in a fluid increase 
with depth. Hence the upward force on the bottom of the object is more than the downward force on its top. The 
difference between the two, called the buoyant force, is equal to the weight of a body of the fluid whose volume 
is the same as that of the object. This is Archimedes’ principle: The buoyant force on a submerged object is equal 
to the weight of fluid the object displaces. 

If the buoyant force is less than the weight of the object itself, the object sinks; if the buoyant force equals 
the weight of the object, the object floats in equilibrium at any depth in the fluid; if the buoyant force is more 
than the weight of the object, the object floats with part of its volume above the surface. 


SOLVED PROBLEM 16.10 


An aluminum canoe is floating in a swimming pool. After a while it begins to leak and sinks to the bottom. 
What, if anything, happens to the water level in the pool? 


The water level falls. The floating canoe displaced a volume of water V whose weight equaled its own weight. 
The sunken canoe, however, displaces a volume of water equal to the volume of its aluminum shell, which is smaller 
than V because a given volume of aluminum weighs more than the same volume of water. 
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SOLVED PROBLEM 16.11 


How much force is needed to support a 100-kg iron anchor when it is immersed in seawater? The density 
of iron is 7.8 x 10° kg/m? and that of seawater is 1.03 x 10° kg/m?. 


The volume of the anchor is 


m 100 kg 


V — — 
d- 7.8 x 103 kg/m? 


= 0.0128 m? 


The weight of seawater displaced by the anchor is 
w =mg =dVg = (1.03 x 10° kg/m?)(0.0128 m?)(9.8 m/s”) = 129N 
Thus the buoyant force on the anchor is 129 N, and the net force needed to support it in seawater is 


Fret = mg — Fouoyam = (100 kg) (9.8 m/s’) — 129N = 851 N 


SOLVED PROBLEM 16.12 
A 70-kg person dives off a raft 2 m square moored in a freshwater lake. By how much does the raft rise? 
The volume of water that must be displaced by the raft to support the diver is 


70k 
V=—= 


_ 3 
d- 10° kg/m? Te 


The area of the raft is A = (2 m)(2 m) = 4 m’. Since volume = (height)(area), the raft rises by 


= 0.018 m= 1.8 cm 


» — M — 9.07 m! 
“A 4 


m2 


SOLVED PROBLEM 16.13 


The density of ice is 920 kg/m? and that of seawater is 1030 kg/m?. What percentage of the volume of 
an iceberg is submerged? 


When an iceberg of volume V floats, its weight of di.eg V is balanced by the buoyant force on it, which is equal 
to the weight of water displaced. If Vsup is the volume of the iceberg that is submerged, the weight of water displaced 
is dwater& Voub- Hence 


Weight of iceberg = weight of displaced water 
dice V > Ayater& Voub 
Ver ice 920 kg/m? 


= = = 0.89 = 89% 
4 dvater 1030 kg/ m? 7 


Eighty-nine percent of the volume of an iceberg is under the water’s surface. 


SOLVED PROBLEM 16.14 


A 100-gal steel tank weighs 50 lb when empty. Will it float in seawater when it is filled with gasoline? 
The weight density of gasoline is 42 lb/ft*, that of seawater is 64 lb/ft?, and 1 gal = 0.134 ft’. 


The volume of the tank is V = (100 gal)(0.134 ft?/gal) = 13.4 ft?. The total weight of the tank when it is filled 
with gasoline is 


w = 50 Ib + (dg) gasotine V = 50 Ib + (42 Ib/ft*)(13.4 fe) 
= 50 lb + 563 Ib = 613 Ib 
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The maximum buoyant force on the tank is exerted when the tank is completely submerged. Thus 
Fax = (d8)waterV = (64 lb/ft?)(13.4 ft?) = 858 Ib 


Since the weight of the filled tank is less than 858 1b, it will float. 


HYDRAULIC PRESS 


The hydraulic press is a basic machine which uses the fact that an external pressure exerted on a fluid is transmitted 
uniformly throughout the fluid. In a hydraulic press (Fig. 16-1), a piston whose cross-sectional area is Ajn is 
moved through a distance L;, by an applied force, and fluid in the cylinder transmits the applied pressure to a 
piston of area Aoy which moves the distance Loy. The pressure is the same on both pistons, so 


y= Fin _ Fou 
Ain Aout 
and F out = Aout 
F; Ain 


Because the fluid is assumed incompressible, the fluid shifted from one cylinder to the other has the same volume 
V = AL in each cylinder. Therefore 


V= Ain Lin = AoutLout 


and the ideal mechanical advantage of the system is 


Lin Aout 
IMA = = 
Lout Ain 
Since the area of a piston is proportional to the square of its diameter, a ratio of piston diameters of only 5, for 
instance, will yield an IMA of 25. 
In Fig. 16-1, valve | is closed and valve 2 is open on the downstroke of the input piston. Valve 1 is open 
and valve 2 is closed on the upstroke, when additional fluid is drawn into the input cylinder to enable its piston 
to make another stroke. 


Aout 


To . . . : . 
reservoir 


Valve | 
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SOLVED PROBLEM 16.15 


16.1. 


16.2. 


16.3. 


16.4. 


16.5. 


16.6. 


16.7. 


A hydraulic press has an input cylinder 2 cm in diameter and an output cylinder 12 cm in diameter. 
(a) Assuming 100 percent efficiency, find the force exerted by the output piston when a force of 80 N is 
applied to the input piston. (b) If the input piston is moved through 10 cm, how much is the output piston 
moved? 


(a) At 100 percent efficiency the actual mechanical advantage equals the IMA, and 


Fout _ Aout 
Fin _ Ain 
Since A = mr? = rd?/4, 
Fou = Fa ( 2") = 0 Ny L22™ = rg80N 
out — in a —_ (2 cm)2 sal 
Ain de (2 cm)” 
(b) Louw = Lin | —— } = Lin { =~ J = (10 cm) ———,y;y, = 0.28 cm 
Aout dou (12 cm)? 


Multiple-Choice Questions 


The pressure on the bottom of a vessel filled with liquid does not depend upon the 


(a) height of the liquid 

(b) area of the liquid surface 
(c) liquid density 

(d) acceleration of gravity 


Buoyancy occurs because, as the depth in a fluid increases, the 

(a) density increases (c) pressure increases 

(b) density decreases (d) pressure decreases 

The pressure of the atmosphere at sea level corresponds to which one or more of the following? 
(a) 1.013 Pa (c) 1013 mbar 

(b) 98 N/m? (d) 14.7 Ib/in.? 

The output piston of a hydraulic press cannot exceed the input piston’s 

(a) displacement (c) work 

(b) velocity (d) force 

A 2-N stone dropped into a lake sinks. The buoyant force on the stone is 

(a) 0 (c) 2N 

(b) less than 2 N (d) more than 2 N 

Seawater has a density 3 percent greater than that of freshwater. A boat will float 


(a) higher in seawater than in freshwater 

(b) at the same level in seawater and in freshwater 

(c) lower in seawater than in freshwater 

(d) any of the above, depending on the shape of the boat’s hull 


The density of copper is 8.9 x 10? kg/m?. The volume of a 15-g copper bracelet is 


(a) 0.6 cm? (c) 17cm 
(b) 17cm? (d)_ 134 cm? 
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16.10. 


16.11. 


16.12. 


16.13. 


16.14. 


16.15. 


16.16. 


16.17. 


Ethanol has a specific gravity of 0.79. One liter of ethanol weighs 


(a) 0.79N  (c) 7.7N 
(b) 1.3N (d) 12.4N 


A gallon of water and a gallon of antifreeze solution weigh, respectively, 8.4 and 9.2 lb. The antifreeze solution has 
a specific gravity of 


(a) 0.095 (c) 0.91 
(b) 0.80 (d) 1.1 


The air in a vertical cylinder 20 cm in diameter that is open at the top supports a 20-kg piston. The absolute pressure 
on the air is 


(a) 0.0064 bar (c)_ 1.019 bar 
(b) 0.062 bar (d) 1.075 bar 


A restaurant lobster tank is filled with seawater of density 1.03 g/cm? to a depth of 60 cm. If there are no lobsters in 
the tank, the gauge pressure on its bottom is 


(a) 6.1Pa (c) 6.1 kPa 
(b) 0.62kPa  (d)_‘107.4kPa 


Six lobsters are put in the tank of Question 16.11 and enough water is removed to keep its depth at 60 cm. The gauge 
pressure on the tank bottom is now 


(a) smaller (c) greater 
(b) the same (d) any of the above, depending on the mass of the lobsters 


A 20-g spoon is put into a dish filled with water to the brim, and 3.0 cm? of water overflows. The weight of the 
spoon in the water is 


(a) 0.03N  (c) 0.20N 
(b) O17N  (d) 0.23N 


A wooden plank 2.5 m long, 40 cm wide, and 60 mm thick floats in water with 15 mm of its thickness above the 
surface. The plank’s mass is 


(a) 15kg  (c) 60kg 
(b) 45kg  (d) 441 kg 


A force of 1000 Ib is needed to raise a 12.9 ft? concrete block (weight density 140 Ib/ft*) to the surface of a freshwater 
lake. The force needed to lift the block out of the water is 


(a) 700 1b (c) 1140 1b 
(b) 10621lb (d) 1800 1b 


A hydraulic press has an input piston 10 mm in diameter and an output piston 50 mm in diameter. An input force of 
80 N gives an output force of 


(a) 3.2N  (c) 4O0N 
(b) 16N (d) 2000N 


Pushing the input piston of the press in Question 16.16 through 40 mm causes the output piston to be pushed by 


(a) 1.6mm (c) 40mm 
(6) 8mm (2) 200mm 
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Supplementary Problems 


A sailboat has a lead keel to help keep it upright despite the pressure wind exerts on its sails. What difference, if any, 
is there between the stability of a sailboat in freshwater and in seawater? 


Dam A and dam B are identical in size and shape, and the water levels at both are the same height above their bases. 
Dam A holds back a lake that contains 1 km? of water, and dam B holds back a lake that contains 2 km? of water. 
What is the ratio between the total force exerted on dam A and that exerted on dam B? 


The containers shown in Fig. 16-2 are filled with water to the same height. Compare the pressures on the bottoms 
of the containers. 


Fig. 16-2 


When a person drinks a soda through a straw, where does the force come from that causes the soda to move upward? 


Why does a steel ship float when the density of steel is nearly eight times that of water? Why does it sink if it springs 
a leak and water enters its hull? 


A 50-g gold bracelet is dropped into a full glass of water, and 2.6 cm? of water overflows. What is the density of 
gold? What is its specific gravity? 


What is the mass of water in a swimming pool 7 m long, 3 m wide, and 2 m deep? 


The density of iron is 7.8 x 10° kg/m?. (a) What is the specific gravity of iron? (b) How many cubic meters does 
1 metric ton (1000 kg) of iron occupy? 


The weight density of ice is 58 lb/ft?. What is its specific gravity? 


A nail 2 mm in diameter is embedded in a tire in which the gauge pressure is 1.8 bar. How much force tends to push 
the nail out? 


A 130-lb woman balances on the heel of one shoe, which is | in. in radius. How much pressure does she exert on 
the floor? 


A phonograph needle whose point is 0.1 mm (1074 m) in radius exerts a downward force of 0.02 N. What is the 
pressure on the record groove? How many atmospheres is this? 


A hypodermic syringe whose cylinder is 10 mm in diameter is used to inject a liquid into a patient’s vein in which 
the blood pressure is 2 kPa. (a) What is the minimum force needed on the plunger of the syringe? (b) Why is the 
diameter of the needle irrelevant? 


The pressure of the blood in a patient’s vein is 12 torr. Find the minimum height above the vein that a container of 
plasma must be held for the plasma to enter the vein. (The actual height is always much greater in order to have a 
reasonable flow of plasma.) 


What is the pressure at a depth of 100 m in the ocean? How many atmospheres is this? The density of seawater is 
1.03 x 10° kg/m’. 
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What pressure is experienced by a skin diver 20 ft below the surface of a freshwater lake? 
(a) How much force is required to raise a 1000-kg block of concrete to the surface of a freshwater lake? 
(b) How much force is needed to lift it out of the water? The density of concrete is 2.3 x 10° kg/m*. 
An aluminum bar weighs 17 lb in air. How much force is required to support the bar when it is immersed in gasoline? 
The weight density of aluminum is 170 Ib/ft? and that of gasoline is 42 Ib/ft?. 
A raft 8 ft wide, 12 ft long, and 2 ft high is made from solid balsa wood (dg = 8 lb/ft®). How much weight can it 
support in seawater (dg = 64 Ib/ft*)? 
People have roughly the same density as freshwater. Find the buoyant force exerted by the atmosphere on a 50-kg 
woman at sea level where the density of air is 1.3 kg/m’. 
A balloon weighing 100 kg has a capacity of 1000 m’. If it is filled with hydrogen, how great a payload in kilograms 
can it support? At sea level the density of hydrogen is 0.09 kg/m? and that of air is 1.3 kg/m’. 
A force of 50 N is applied to the input piston of a hydraulic system. The input piston has an area of 60 cm? and 
the output piston has an area of 15 cm’. (a) Find the force the output piston exerts. (b) Find the distance the output 
piston moves when the input piston moves 2 cm. 
A force of 120 N is applied to a lever with an AMA of 5 that operates the input piston of a hydraulic press. The 
input piston has an area of 10 cm? and the output piston has an area of 125 cm?. (a) Find the force the output piston 
exerts. (b) Each stroke of the lever moves the input piston 3 cm. How many strokes are needed to move the output 
piston 30 cm? 
A lever with a mechanical advantage of 10 is used to apply force to the input piston of a hydraulic jack whose input 
piston is 1 in. in diameter and whose output piston is 4 in. in diameter. (a) If the jack is 90 percent efficient, how 
much weight can it lift when a force of 50 Ib is applied to the lever? (b) If each stroke of the lever moves the input 
piston 3 in., how many strokes are needed to raise the output piston 1 ft? 
Answers to Multiple-Choice Questions 

(b) 16.10. (d) 

(c) 16.11. (c) 

(c), (d) 16.12. (b) 


(c) 16.13. (b) 
(b) 16.14. (b) 
(a) 16.15. (d) 
(b) 16.16. (d) 
(c) 16.17. (a) 
(d) 
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Answers to Supplementary Problems 


The boat is more stable in freshwater because the buoyancy of the lead keel is less there. 
The forces are the same. 
The pressures are the same. 


The person reduces the pressure in the straw by sucking on it, and atmospheric pressure on its surface then forces 
the soda upward. 


A ship is a hollow shell, so its average density is less than that of water. If the ship fills with water, its average density 
increases until it is greater than that of water and the ship then sinks. 


19 g/cm’; 19 

42,000 kg 

(a) 7.8 (b) 0.128 m3 

0.93 

0.565 N 

41.4 Ib/in.? 

6.37 x 10° Pa; 6.3 atm 

(a) 0.16N (b) An external pressure exerted on a fluid is transmitted uniformly throughout the fluid. 
15cm 

1.11 x 10° Pa; 11.0 atm 

23.3 Ib/in. 

(a) 5539N (b) 9800N 
12.8 Ib 

10,752 lb 

0.64 N 

1110 kg 

(a) 125N (6) 8cm 

(a) 7.5 kN (b) 125 strokes 


(a) 72001b  (b) 64strokes 


Fluids in Motion 


FLUID FLOW 


In the streamline flow of a fluid, the direction of motion of the individual particles is the same as that of the fluid 
as a whole. Each particle of the fluid that passes any point follows the same path as those particles which passed 
that point before. Turbulent flow, however, is characterized by the presence of irregular whirls and eddies; it 
occurs at high velocities and when the fluid’s path changes direction sharply, for instance near an obstruction. 

The rate (in volume/time) at which a fluid whose velocity is v flows through a pipe or channel of cross- 
sectional area A is 


R=vA 


Rate of flow = (velocity)(cross-sectional area) 


Itis common for R to be expressed in such units as gallons per minute and liters per second instead of the proper 
units of cubic feet per second and cubic meters per second (1 U.S. gal = 0.134 ft? and 1 L = 10-*m? = 10° cm’). 

When a fluid is incompressible, which is approximately true for most liquids, its rate of flow R is constant 
even though the size of the pipe or channel varies. Thus if a liquid’s velocity is v; when the cross-sectional area 
is A; and v2 when it is A>, then 


vj Aq = v2 A2 


SOLVED PROBLEM 17.1 


A garden hose has an inside diameter of 12 mm, and water flows through it at 2.5 m/s. (a) What nozzle 
diameter is needed for the water to emerge at 10 m/s? (b) At what rate does water leave the nozzle? 


(a) The cross-sectional areas of hose and nozzle are in the same ratio as the squares of their diameters, since 
A=anr? = xd*/4. From v, A; = v2A> we obtain 


2 
vid? = vod; 


(b) The rate of flow is 
R=v,A, = var; = (2.5 m/s)(7t) (0.006 m)” = 2.83 x 10~* m*/s 
Because 1 m* = 103 liters (L), R = 0.283 L/s. The same result, of course, would be obtained from R = v2 A>. 
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SOLVED PROBLEM 17.2 


Water emerges horizontally at 10 m/s from the nozzle of a hose held 1.2 m above the ground. How far 
away does the water stream reach? 


From Chapter 4 the time required for the water to strike the ground from a height h is t = ./2h/g. During this 
time the water will travel horizontally the distance 


2h m (2)(1.2 m) 
S=vVle=—y¥. = {10 7 =49m 
& s 9.8 m/s 


SOLVED PROBLEM 17.3 


The nozzle of a hose has a radius of 25 mm. Water emerges from this nozzle at the rate of 750 L/min. 
(a) Find the force with which the nozzle must be held. (b) The water strikes a window of a house and 
moves off parallel to the window. Find the force exerted on the window. 


(a) The rate of flow is 


_ 750 L/min 
~ (60 s/min)(103 L/m?) 


= 0.0125 m/s 


Hence the mass of water that flows through the nozzle per second is 
- = dR = (1000 kg/m?)(0.0125 m?/s) = 12.5 kg/s 


Since R = vA and A = mr’, the velocity of the stream is 


R R 0.0125 m*/s 
y= = — 


= = 6.34 m/s 
A xr? 2(0.025 m)2 


Setting equal the impulse Ff with the momentum change mv of the water gives 


Ft=myv 
mv m 
F= ae = ry = (12.5 kg/s)(6.34 m/s) = 79 N 
(b) The change in momentum of the water stream per second is the same as in (a); hence the force on the window 
is also 79 N. 
SOLVED PROBLEM 17.4 


The bilge pump on a boat is required to lift 0.4 m/min of seawater through a height of 1.5 m. If the overall 
efficiency is 50 percent, what should the power rating of the pump motor be? The density of seawater is 
1.03 x 10° kg/m?. 


The work done in lifting V = 0.4 m? of seawater through h = 1.5 mis 
W =mgh = dVgh = (1.03 x 10° kg/m?)(0.4 m?)(9.8 m/s”) (1.5 m) = 6056 J 


Since ¢ = 1 min = 60s here, the required power at 50 percent efficiency is 


p=(2)(“)- 6056 J apap 
~ \ Eff t ) (0.5)(60s) _ 


SOLVED PROBLEM 17.5 


A 100-hp motor is used to power the pump of a fire engine. At 60 percent efficiency, how many tons of 
water per minute can be delivered to a height of 100 ft? 
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The available power is 


ft-lb/s 
hp 


P = (0.6)(100 hp) (ss0 ) = 3.3 x 10* ft-Ib/s 


The power needed to raise a weight w to a height h in the time f is 


and so, witht = 1 min= 60s, 


Pt _ (3.3 x 104 ft-lb/s)(60 s) 


= Soe =1, 10* Ib 
oe ee 100 ft pera 
Since 1 ton = 2000 Ib, 
1.98 x 104 Ib 
-_ panda a Sata = 9.9 tons 
2000 lb/ton 


POWER 
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A pump does work on a fluid passing through it at the rate P = Fv, where F is the force applied to the fluid. 


Since F = pA, where p is the fluid pressure and A is the cross-sectional area of the pipe, 


P= Fy= pAv 
But R = vA is the rate of flow, and so 
P=pR 


Power = (pressure)(rate of flow) 


SOLVED PROBLEM 17.6 


A runner’s heart pumps 25 L/min of blood at an average pressure of 140 torr. What is the power output 


of her heart? 


The rate of flow is 


r=(2)(193™ y 4.17 x 10-4 m?/ 
= —— =-4, x m/s 
min L 60 s/min 


and the pressure is 


p = (140 torr)(133 Pa/torr) = 1.86 x 10* Pa 
Hence the power output of the runner’s heart is 


P = pR = (1.86 x 10* Pa)(4.17 x 1074 m?/s) = 7.8 W 


BERNOULLI’S EQUATION 


Bernoulli’s equation applies to the streamline flow of an incompressible fluid of density d with negligible 
viscosity (internal friction). According to this equation, which is derived from the law of conservation of energy, 
the quantity p+dhg+ 5d v” has the same value at all points in the motion of such a fluid, where p is the absolute 
pressure, h is the height above an arbitrary reference level, and v is the fluid velocity. Thus at the two locations 


1 and 2 


pit+dgh, + 5dv; = pr +dgh + $dv5 
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The quantity dgh is the potential energy of the fluid per unit volume, and sd v? is its kinetic energy per unit 
volume. Each term of this equation has the units of pressure. 
Another form of Bernoulli’s equation is obtained by dividing each term of the above equation by dg, which 
gives 
B22 


D. 2 
PY v3 
aE fee Sh 
dg 2g ie Og. 


Each term of this equation has the dimensions of a length and is called a head, where 


2 


Bee pressure head Bee velocity head h = elevation head 
dg 28 


SOLVED PROBLEM 17.7 


A geyser (such as the ones in Yellowstone National Park) shoots a column of water as high as 50 m at 
fairly regular intervals. Assuming that the water at the mouth of a geyser is initially at rest, what pressure 
is needed for the water to rise 50 m? 


If 1 refers to the mouth of the geyser and 2 refers to the top of the water column, h; = 0, hy = 50m, p2 = 
Pam = 1 x 10° Pa, and vy; = vy = 0. Solving Bernoulli’s equation for p; gives 


dv; dv; 
Pi = P2+ + dgh, — dgh, 
2 2 
Here Pi = Pam + dghy = 1 x 10° Pa+ (1 x 10° kg/m?) (9.8 m/s”)(50 m) 


= 5.9 x 10° Pa 


This is the absolute pressure at the mouth of the geyser. The gauge pressure is 4.9 x 10° Pa, almost 5 times atmospheric 
pressure. 


TORRICELLI’S THEOREM 


In the case of a liquid flowing out of an open tank through a small orifice a distance h below the surface, as in 
Fig. 17-1, the pressure on the liquid is the same at the surface and at the orifice, and the downward velocity of the 
fluid surface is negligible compared with the outward velocity of the fluid. Here Bernoulli’s equation reduces to 


v= /2gh 


which is Torricelli’s theorem. This is the same velocity an object would have if it were dropped from rest from 
a height h. 
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SOLVED PROBLEM 17.8 


A barrel 80 cm high is filled with kerosene. When a tap at the bottom of the barrel is opened, with what 
velocity does the kerosene emerge? 


v= /2gh= (Qos m/s*)(0.8 m) = 3.96 m/s 


SOLVED PROBLEM 17.9 


At what velocity should water emerge from the nozzle of a fire hose if it is to reach a height of 80 ft when 
the hose is aimed vertically upward? 


The velocity needed to reach a height h is the same as the velocity v = /2gh that would be acquired in free 


fall from that height. Hence 
v = /2gh = ,/ (2)(32 ft/s)(80 ft) = 72 ft/s 


SOLVED PROBLEM 17.10 


A boat strikes an underwater rock that punctures a hole 20 cm? in area in its hull 1.5 m below the waterline. 
At what rate does water enter the hull? 


From Torricelli’s theorem, the velocity with which water enters the hull is v = ./2gh. Since the rate of flow 
through an orifice of area A is R = vA when the fluid velocity isv, R = A./2gh. Here A = 20cm? = 2 x 10-3 m’, 
so water enters the hull at the rate 


R= A/2gh = (2 x 10°? m?)y/(2)(9.8 m/s”)(1.5 m) = 1.08 x 107? m3/s = 108 L/s 


This is over 3 tons/min—a serious leak. 


SOLVED PROBLEM 17.11 


Water flows through the pipe shown in Fig. 17-2 at the rate of 80 L/s. If the pressure at point 1 is 180 
kPa, find (a) the velocity at point 1, (b) the velocity at point 2, and (c) the pressure at point 2. 


8cm 
| 


@) 


Fig. 17-2 


(a) Since A = mr? and R =v, A, 


R — R__ (80L/s)(10~3 m3/L) 


ees eee = 0.99 m/ 
Al are (0.16 my? ‘ 
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(b) From v,A; = v2A> we have 


2 ?) 
7 2 Pe. (0.16 m)? _ 
wW=V =v 7 = (0.99 m/s) (0.08 m2 > 3.96 m/s 


(c) We now substitute the known quantities p,,v,, and v2 with h,; = 0 and hy = 2 m into Bernoulli’s equation 
pitdgh, + 4dv} = pr + dghz + 4dv3 
This yields 
Pr = pit 3d (v} — v3) — dghy 
1.8 x 10° Pa+ $(10° kg/m*)[(0.99 m/s)? — (3.96 m/s)*] — (10° kg/m?) (9.8 m/s*)(2 m) 
= 1.53 x 10° Pa 


PRESSURE AND VELOCITY 
When the flow is horizontal, so hy = hz, Bernoulli’s equation becomes 
Pit Sdvi = pr+ 5dv3 


The pressure is greatest where the fluid velocity is least, and the pressure is least where the fluid velocity is 
greatest. The lift developed by an airplane wing is an example of this effect: The air moving across the curved 
upper surface of the wing travels faster than that moving across the lower surface because it must cover a greater 
distance. Hence the pressure is less on the upper surface, and the net result is an upward force on the wing. 


SOLVED PROBLEM 17.12 


An airplane whose mass is 40,000 kg and whose total wing area is 120 m7 is in level flight. What is the 
difference in pressure between the upper and lower surfaces of its wings? 


The lift developed by the wings in level flight is equal to the airplane’s weight. Hence 
F =w =mg = (4x 10*kg)(9.8 m/s”) = 3.92 x 10°N 
The pressure difference is therefore 


F 3.92 x 10°N 
Ap = = SS 
A 120 m? 


which is equal to 0.032 atm or 0.47 Ib/in.’. 


= 3.27 x 10° Pa 


SOLVED PROBLEM 17.13 


At what velocity does water emerge from an orifice in a tank (a) in which the gauge pressure is 3 x 10° Pa 
and (b) in which the gauge pressure is 40 Ib/in.? (dwater = 10° kg/m? = 1.94 slugs/ft? )? 


(a) Let point 1 be at the orifice and point 2 be inside the tank at the same level. In this situation hy = hy and v, = 0 
(very nearly). Substituting in Bernoulli’s equation yields 


/2(p2 — pi) 
pit tdvi = po oa a a 


The quantity p. — p, is the gauge pressure of 3 x 10° Pa since p; is atmospheric pressure. Hence 


2 10° P. 
ig | EE aod ls 
103 kg/m” 
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(b) The same procedure is followed here, but first it is necessary to convert 40 Ib/in.? to its equivalent in pounds 
per square foot: 


in. 


Ib in.? 
— p; = | 40 — ) ( 144 — ) = 5760 lb/ft’ 
P2— Pi (>) ( >) 5760 Ib/ 


Hence 
2 
ee (2)(5760) ald 77 fils 
1.94 slugs/ft 
SOLVED PROBLEM 17.14 


A horizontal pipe | in. in radius is joined to a pipe 4 in. in radius, as in Fig. 17-3. (a) If the velocity 
of seawater (d = 2.00 slugs/ft*) in the small pipe is 20 ft/s and the pressure there is 30 lb/in.”, find 
the velocity and pressure in the large pipe. (b) What is the rate of flow through the pipe in pounds 
per minute? 


Fig. 17-3 


(a) The cross-sectional areas of the pipes are in the same ratio as the squares of their radii, since A = zr?. From 
vy A, = v2A> we obtain 


A re ft\ (1 in.)? 
W=V =v = | 20 3) Gin? = 1.25 ft/s 


Because both pipes are horizontal, h, = hz, and Bernoulli’s equation becomes 


" La ( E 2) 30 Ib 144 in. ns 1 > slugs 20 ft\? 1.25 ft\? 
= sd (vi -—v5)= — . 
P2= Pir 3 1 2 in2 ft2 Do) ft3 s Ss 


= 4718 lb/ft’ 


which is 
4718 lb/ft? eG 
P= 144 22 = 33 Ib/in. 
(b) R =v, A, = (v1 )(r7) = (20 f/s)(r) (4 ft)? = 0.436 ft’/s 


Since dg = 64 lb/ft? and 1 min = 60s, the rate of flow in the required units is 


(0.436 ft*/s) (64 Ib/ft*)(60 s/min) = 1674 Ib/min 


VISCOSITY 


The viscosity of a fluid is an internal friction that prevents adjacent layers of the fluid from sliding freely past each 
other. The symbol of viscosity is n, the Greek letter eta, and its SI unit is the poise (P), where 1 P = 1 N-s/m’. 
The viscosities of liquids decrease with temperature; those of gases increase. 
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The rate of flow of a liquid through a pipe obeys Poiseuille’s law 


_ mr*Ap 
~ 8nL 


where L is the length of the pipe, r is its radius, Ap is the pressure difference between the ends of the pipe, and 
n is the viscosity of the liquid. Evidently the rate of flow depends most strongly on the radius of the pipe. 


SOLVED PROBLEM 17.15 


Bernoulli’s equation holds for incompressible, nonviscous fluids. How is this relationship changed when 
the viscosity of a fluid is not negligible? 


The effect of viscosity, which is a kind of friction, is to dissipate mechanical energy into heat. Hence the quantity 
D+dght+ dv? decreases along the direction of flow of a viscous fluid. 


SOLVED PROBLEM 17.16 


The grease nipple on a bearing has a hole 1 mm in diameter and 6 mm long. The grease being used has 
a viscosity of 80 P. How much pressure is needed to force 0.2 cm? of grease into the nipple in 5 s? 


Here r = 0.5 mm = 5 x 10-4 m, L = 6 mm = 6 x 107? m, and 


(0.2 cm?) 


= ——__,___ = 4x 10 * m’ss 
(106 cm3/m?)(5 s) 


Hence the required pressure is 


8nLR  (8)(80 P)(6 x 10-3 m)(4 x 1078 m/s) 
Pp — 4 


ze 5 
aa a(S x 10-8 = 7.8 x 10° Pa 


This is about 7.7 atm. 


REYNOLDS NUMBER 


The nature of the fluid flow in a particular situation (that is, whether laminar or turbulent) depends on the density d 
and viscosity 7 of the fluid, its average velocity v, and a characteristic dimension D of the system according to 
the Reynolds number Nr given by 


dvD 
Nre= 
1 


The Reynolds number has no units associated with it. For fluid flow in a pipe, D is the pipe diameter. In a pipe, 
Nr < 2000 corresponds to laminar flow, and Nr > 3000 corresponds to turbulent flow. If Nr is between 2000 
and 3000, the flow may be of either kind and may shift back and forth between them. 

The Reynolds number is an important quantity because it provides a basis for experiments that use a small 
model system to replace a full-size one. If Nr is the same for both, they are said to be dynamically similar, and 
the pattern of fluid flow will be the same for both. Wind tunnel tests of airplane models and towing tank tests of 
ship models give useful results only when dynamic similarity is obeyed. 


SOLVED PROBLEM 17.17 


Water at 20°C flows at 1.5 m/s through a tube whose inside diameter is 3 mm. The viscosity of water 
at this temperature is 1.0 x 107? P. (a) Determine the nature of the flow in the tube by calculating its 
Reynolds number. (b) Find the maximum velocity for laminar flow in the tube. 
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17.2. 


17.3. 


17.4. 


17.5. 


17.6. 


(a) The Reynolds number here is 


dvD_ (10x 10° kg/m?) (1.5 m/s)(3 x 1073 m) 


=—4 
n 1.0 x 10-3 P a 


Nr= 


Since 1 P = 1 N-s/m? = | kg/(m-s), the units cancel, to leave a pure number. Because Ne here is greater than 
3000, the motion of the water in the tube is turbulent. 


(b) The maximum velocity for laminar flow corresponds to a Reynolds number of 2000, so 


nNr (1.0 x 10-7 P)(2000) 


= = = 0.67 m/s 
dD (1.0 x 10? kg/m°)(3 x 10-3 m) 


Vax = 


Multiple-Choice Questions 


When a fast train goes through a station, someone standing at the edge of the platform is 


(a) pulled toward the train 

(b) pushed away from the train 

(c) either pulled or pushed, depending on the ratio between the velocity of the train and the velocity of sound 
(d) not affected by the train’s passage 


Water leaks out of a hole in the bottom of a water tank. The rate at which water flows out depends on which one or 
more of the following? 


(a) the density of water 

(b) the acceleration of gravity 
(c) the area of the hole 

(d) the height of the water 


The Reynolds number for fluid flow in a pipe is independent of 


(a) the viscosity of the fluid 
(b) the velocity of the fluid 
(c) the length of the pipe 
(d) the diameter of the pipe 


Blood flows at 0.10 L/s through the circulatory system of a person whose capillaries have a total cross-sectional area 
of 0.25 m*. The average velocity of blood in the capillaries is 


(a) 0.4mm/s (c) 25 mm/s 
(b) 4mm/s (d) 40cm/s 


The average blood pressure of the person in Question 17.4 is 14 kPa. The power developed by the person’s heart, 
which beats 1.2 times per second, in pumping blood against this pressure is 


(a) 12W (c) L7W 
(b) 14W (d) 12W 
A boiler in which the gauge pressure is 4.0 bar develops a leak. The velocity at which water comes out is 


(a) 89mm/s_  (c) 28 m/s 
(b) 20 m/s (d) 0.80 km/s 
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17.7. 


17.8. 


17.9. 


17.10. 


17.1. 


17.2. 


17.3. 


17.4. 


17.5. 


17.6. 


17.7. 


17.8. 


17.9. 


17.10. 
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Water comes out of a valve at the bottom of a tank at 20 ft/s. The height of water in the tank is 


(a) 625ft (c) 20ft 
(b) 12.5ft (d) 25ft 


Water flows through a pipe whose cross-sectional area is 50 cm? into another pipe whose cross-sectional area is 
10 cm?. Both pipes are horizontal. If the velocity of the water in the large pipe is 1.2 m/s, the velocity in the small 


pipe is 
(a) 0.24 m/s (c) 6.0 m/s 
(b) 1.2 m/s (d) 30m/s 


Water flows through the small pipe of Question 17.8 at 

(a) 0.6L/s (c) 3.0L/s 

(b) 1.2 L/s (d) 6.0L/s 

If the gauge pressure in the large pipe of Question 17.8 is 200 kPa, the gauge pressure in the small pipe is 


(a) 181kPa  (c) 183kPa 
(b) 182kPa  (d) 217kPa 


Supplementary Problems 


An airplane’s wings are designed to have a pressure difference of 0.4 Ib/in.” between their upper and lower surfaces. 
If the area of the wings is 300 ft, what is the design weight of the airplane when it is fully loaded? 


A water tank is on the roof of an apartment house. A faucet is opened on the ground floor, 140 ft below the water 
level in the tank, and there is no frictional resistance in the plumbing system. With what velocity will water emerge 
from the faucet? 


What gauge pressure is required in a fountain if the jet of water is to be (a) 20 ft high and (b) 20 m high? 


Water leaves the nozzle of a hose at a velocity of 40 ft/s. (a) If the nozzle is held vertically, how high does the water 
reach? (b) If the nozzle is held horizontally 5 ft above the ground, how far does the water stream go before striking 
the ground? 


Water emerges from a faucet 5 mm in diameter at 2 m/s. (a) If the pipe leading to the faucet is 3 cm in diameter, find 
the water velocity in the pipe. (b) At what rate does water leave the faucet? 


Water flows at a velocity of 5 m/s through a hose whose inner diameter is 20 mm. (a) What should the nozzle 
diameter be for water to emerge at 15 m/s? (b) Find the rate of water through the hose in liters per minute. (c) Find 
the force needed to hold the nozzle. 


Water emerges from the 2-in.-diameter nozzle of a hose at the rate of 200 gal/min. Find the force with which the 
nozzle must be held. 


Water passes through a turbine at a rate of 3000 L/s. If the water enters the turbine at 7 m/s and leaves at 1.5 m/s, 
find the average force exerted on the turbine blades. 


A pressure gauge in a water supply system reads 40 Ib/in.? when no water flows and 34 Ib/in.? when a tap is opened. 
What is the flow velocity? 


A tank of gasoline has a crack 1 mm wide and 5 cm long at its base. If the liquid level is 2 m above the base, find 
the rate at which gasoline leaks out in cubic meters per second and liters per second. 
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17.11. 


17.12. 


17.13. 


17.14. 


17.15. 


17.16. 


17.17. 


17.18. 


17.1. 


17.2. 


17.3. 


17.4. 


17.5. 


How many kilograms of milk can a i-hp pump in a dairy transfer per hour from one tank to another in which the 
liquid level is 10 m higher? Assume 70 percent efficiency. 


A pump in a fuel station is required to deliver gasoline (dg = 42 Ib/ft*) at the rate of 30 gal/min. If the gasoline 
must be raised through 6 ft and the efficiency is 75 percent, find the minimum power rating of the pump motor. 


Water leaves the safety valve of a boiler at a velocity of 100 ft/s. What is the gauge pressure in the boiler? 


A horizontal pipe 15 cm in diameter has a constriction 7.5 cm in diameter. If the velocity of water in the constriction 
is 10 m/s, find the difference between the pressure there and that in the rest of the pipe. Which pressure is the greater? 


Water enters the pipe shown in Fig. 17-4 from the left at a velocity of 10 ft/s and a pressure of 22 Ib/in.”. Find (a) 
the velocity with which water leaves the pipe at the right, (b) the pressure there, and (c) the rate of flow of water 
through the pipe in pounds per minute. 


Fig. 17-4 


A horizontal pipe whose cross-sectional area is 10 cm? is connected to another horizontal pipe whose cross-sectional 
area is 50 cm?. Water flows into the small pipe at 6 m/s under a pressure of 200 kPa. Find (a) the speed of the water 
in the large pipe, (b) the pressure there, and (c) the rate of flow. 

A typical capillary blood vessel is 1 mm long and has a radius of 2 jzm. If the pressure difference between its ends is 
20 torr, at what velocity does blood flow through the capillary? At body temperature, the viscosity of blood is about 
2x 107P. 


Establish whether the flow of water in the hose of Prob. 17.6 is laminar or turbulent by calculating its Reynolds 
number. 


Answers to Multiple-Choice Questions 


(a) 17.6. (c) 
(b), (c), (d) 17.7. (a) 
(c) 17.8. (c) 
(a) 17.9. (d) 


(a) 17.10. (c) 
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17.1. 


17.2. 


17.3. 


17.4. 


17.5. 


17.6. 


17.7. 


17.8. 


17.9. 


17.10. 


17.11. 


17.12. 


17.13. 


17.14. 


17.15. 


17.16. 


17.17. 


17.18. 


FLUIDS IN MOTION 


Answers to Supplementary Problems 


17,280 lb 

95 ft/s 

(a) 1240 lb/ft? = 8.6 Ib/in.? (b) 196 x 10° N/m? 
(a) 25 ft (b) 22 ft 

(a) 0.0556m/s  (b) 3.93 x 107° m°/s 

(a) 11.5 mm (b) 94 L/min (c) 24N 

17.8 Ib 

15.6 kN 

5.28 ft/s 

3.13 x 10-* m?/s; 0.313 L/s 

6394 kg 

0.041 hp 

9700 Ib/ft? = 67 Ib/in.? 

46.9 kPa; the pressure in the large part of the pipe is greater 
(a) 1.11 fts (6) 27Ibfin.2 = (ce) 812 lb/min 
(a) 1.2 m/s (b) 217Pa (c) 6L/s 

0.67 mm/s 


Ne = 10°, so the flow is turbulent 
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CHAPTER 18 


Heat 


INTERNAL ENERGY 


Every body of matter, whether solid, liquid, or gas, consists of atoms or molecules in rapid motion. The kinetic 
energies of these particles constitute the internal energy of the body of matter. The temperature of the body is 
a measure of the average kinetic energy of its particles. Heat may be thought of as internal energy in transit. 
When heat is added to a body, its internal energy increases and its temperature rises; when heat is removed from 
a body, its internal energy decreases and its temperature falls. 


TEMPERATURE 


Temperature is familiar as the property of a body of matter responsible for sensations of hot or cold to the touch. 
Temperature indicates the direction of internal energy flow: When two objects are in contact, internal energy goes 
from the one at higher temperature to the one at lower temperature, regardless of the total amounts of internal 
energy in each. Thus if hot coffee is poured into acold cup, the coffee becomes cooler and the cup becomes warmer. 

A thermometer is a device for measuring temperature. Matter usually expands when heated and contracts 
when cooled, the relative amount of change being different for different substances. This behaviour is the basis 
of most thermometers, which make use of the different rates of expansion of mercury or alcohol and glass, or of 
two joined metal strips, to indicate temperature. 


TEMPERATURE SCALES 


The Celsius (or centrigrade) temperature scale assigns 0°C to the freezing point of water and 100°C to its boiling 
point. On the Fahrenheit scale these points are, respectively, 32 and 212°F. A Fahrenheit degree is therefore 
five-ninths as large as a Celsius degree. The following formulas give the procedure for converting a temperature 
expressed in one scale to the corresponding value in the other: 


Tp = 2T¢ + 32° 
Tc = 3 (Tp — 32°) 


SOLVED PROBLEM 18.1 
What is the Celsius equivalent of 80°F? 
To = 2 (Tp — 32°) = 2(80° — 32°) = 26.7°C 
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SOLVED PROBLEM 18.2 
What is the Fahrenheit equivalent of 80°C? 


Tp = 2Tc + 32° = (2) (80°) + 32° = 176°F 


SOLVED PROBLEM 18.3 


Oxygen freezes at —362°F. What is the Celsius equivalent of this temperature? 


To = 3 (Tr — 32°) = 3(—362° — 32°) = —219°C 


SOLVED PROBLEM 18.4 


Nitrogen freezes at —210°C. What is the Fahrenheit equivalent of this temperature? 


Tr = 2(Tc + 32°) = 2(—210°) + 32° = —346°F 


HEAT 


Heat is a form of energy that, when added to a body of matter, increases the internal energy content of the body 
and thereby causes its temperature to rise. The customary symbol for heat is Q. 

Because heat is a form of energy, the proper SI unit of heat is the joule. However, the kilocalorie is sometimes 
used with SI units: | kilocalorie (kcal) is the amount of heat needed to raise the temperature of | kg of water by 
1°C. The calorie itself is the amount of heat needed to raise the temperature of 1 g of water by 1°C; hence 1 kcal 
= 1000 cal. (The calorie used by dieticians to measure the energy content of foods is the same as the kilocalorie.) 

The British unit of heat is the British thermal unit (Btu): 1 Btu is the amount of heat needed to raise the 
temperature of | lb of water 1°F. To convert heat figures from one system to the other, we note that 


1J = 2.39 x 1074 kcal = 9.48 x 1074 Btu 
1 kcal = 3.97 Btu = 4185 J = 3077 ft-lb 
1 Btu = 0.252 kcal = 778 ft-lb = 1054 J 


Although weight rather than mass is specified in the British system when we are dealing with heat, in practice 
this makes no difference in the various calculations. Whenever m appears in the equations of heat, it refers to 
mass in kilograms when metric units are used and to weight in pounds when British units are used. 


SPECIFIC HEAT CAPACITY 


Different substances respond differently to the addition or removal of heat. For instance, | kg of water increases 
in temperature by 1°C when | kcal of heat is added, but 1 kg of aluminum increases in temperature by 4.5°C when 
this is done. The specific heat capacity of a substance is the amount of heat needed to change the temperature of 
a unit quantity of it by 1°. The symbol of specific heat capacity is c; its SI unit is J/(kg-°C) [although kcal/(kg-°C) 
is still sometimes used], and its British unit is Btu/(1b-°F). 

Among common materials, water has the highest specific heat capacity, namely, 


Cwater = 4185 J/(kg-°C) = 4.185 kJ/(kg-°C) = 1.00 kcal/(kg-°C) = 1.00 Btu/(1b-°F) 
Ice and steam have lower specific heat capacities than water: 


Cice = 2090 Wikg-°C) = 2.09 kI/(kg-°C) = 0.50 keal/(kg-°C) = 0.50 Btu/(Ib-°F) 
Csteam = 2010 Wkg-°C) = 2.01 kI/(kg-°C) = 0.48 keal/(kg-°C) = 0.48 Btu/(Ib-°F) 


Metals usually have low specific heat capacities; thus lead and iron have c = 130 and 460 J/(kg-°C), respectively. 
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When an amount of heat Q is transferred to or from a mass m of a substance whose specific heat capacity 
is c, the resulting temperature change AT is related to Q, m, and c by the formula 


Q=mc AT 


Heat transferred = (mass)(specific heat capacity)(temperature change) 


SOLVED PROBLEM 18.5 
How much heat must be added to 3 kg of water to raise its temperature from 20 to 80°C? 


The temperature change is AT = 80°C — 20°C = 60°C. Hence 


Q=mce AT = (3 kg)[4.185 kJ/(kg-°C)](60°C) = 753 kJ 


SOLVED PROBLEM 18.6 


From a 50-lb block of ice initially at 25°F, 200 Btu of heat is removed. What is its final temperature? 


Q=mc AT 
Q 200 Btu - 


Ly eae —_ = 8°F 
mc (50 Ib)[0.5 Btu/(lb-°F)] 


The final temperature is therefore 25°F — 8°F = 17°F. 


SOLVED PROBLEM 18.7 


To a 1-kg sample of wood 40 kJ of heat is added, and its temperature is found to rise from 20 to 44°C. 
What is the specific heat capacity of the wood? 


Q=mc AT 


40 kJ 
c= Q | = 1.67 kJ/(kg-°C) 
m AT (1kg)(24°C) 


SOLVED PROBLEM 18.8 


A total of 0.8 kg of water at 20°C is placed in a 1.2-kW electric kettle. How long a time is needed to raise 
the temperature of the water to 100°C? 


The required heat is 
Q=mce AT = (0.8 kg)[4.185 kJ/(kg-°C)](100°C — 20°C) = 268 kJ 


Since P = E/t and P = 1.2kW=1.2kJ/s, 


E 268 kJ 


~ Pp 12kIs 


= 223s = 3.7 min 


SOLVED PROBLEM 18.9 


In preparing tea, 600 g of water at 90°C is poured into a 200-g china pot [Cpot = 0.84 kJ/(kg-°C)] at 20°C. 
What is the final temperature of the water? 


If T is the final temperature, then the 600 g = 0.6 kg of water initially at 90°C undergoes a temperature change 
of AT yater = 90°C — T. At the same time the 200 g = 0.2 kg pot initially at 20°C undergoes a temperature change 
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of ATyo = T — 20°C. We proceed as follows: 


Heat gained by pot = heat lost by water 
MpotCpot ATpot = MwaterCwater A Twater 
(0.2 kg)[0.84 kI/(kg-°C)](T — 20°C) = (0.6 kg)[4.185 kJ/(kg-°C)](90°C — T) 
(0.1687 — 3.36) kJ = (225.99 — 2.511T) kJ 
2.679T = 222.63 
T = 83°C 


SOLVED PROBLEM 18.10 


Three pounds of water at 100°F is added to 5 lb of water at 40°F. What is the final temperature of the 
mixture? 


If T is the final temperature, then the 5 lb of water initially at 40°F undergoes a temperature change of 
AT, = T — 40°F and the 3 Ib of water initially at 100°F undergoes a temperature change of AT, = 100°F — T. We 
proceed as in Prob. 18.9: 

Heat gained = heat lost 
m,cy AT, = myc7 AT) 
(5 Ib)[1 Btu/(b-°F)](T — 40°F) = (3 Ib)[1 Btu/(Ib-°F)](100°F — T) 
(ST — 200) Btu = (300 — 3T) Btu 
8T = 500 
T = 62.5°F 


SOLVED PROBLEM 18.11 


To raise the temperature of 5 kg of water from 20 to 30°C, a 2-kg iron bar is heated and then dropped 
into the water. What should the temperature of the bar be [Ciron = 0.46 kJ/(kg-°C)]? 


Let the temperature of the iron bar be 7. Then the change in the water’s temperature is AJ, = 30°C — 20°C = 
10°C, and the change in the bar’s temperature is ATj,o, = T — 30°C. We proceed in the usual way: 


(5 kg)[(4.185 kI/(kg-°C)](10°C) = (2 kg)[(0.46 kJ/(kg-°C)](T — 30°C) 
209.3 kJ = (0.92T — 27.6) kJ 
0.92T = 236.9 
T = 258°C 


CHANGE OF STATE 


When heat is continuously added to a solid, the solid grows hotter and hotter and finally begins to melt (Fig. 18-1). 
While it is melting, the material remains at the same temperature and the absorbed heat goes into changing its 
state from solid to liquid. After all the solid is melted, the temperature of the resulting liquid then increases as 
more heat is supplied until it begins to boil. Now the material again stays at a constant temperature until all of it 
has become a gas, after which the gas temperature rises. 

The amount of heat that must be added to a unit quantity (1 kg or | lb) of a substance at its melting point to 
change it from a solid to a liquid is called its heat of fusion L . The same amount of heat must be removed from 
a unit quantity of the substance when it is a liquid at its melting point to change it to a solid. 
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Fig. 18-1 


The amount of heat that must be added to a unit quantity of a substance at its boiling point to change it from 
a liquid to a gas is called its heat of vaporization L,. The same amount of heat must be removed from a unit 
quantity of the substance when it is a gas at its boiling point to change it to a liquid. 


The heat of fusion of water is L = 335 kJ/kg = 80 kcal/kg = 144 Btu/Ib, and its heat of vaporization is 
L, = 2260 kJ/kg = 540 kcal/kg = 972 Btu/Ib. 


PRESSURE AND BOILING POINT 


The boiling point of a liquid depends on the pressure applied to it: The higher the pressure, the higher the boiling 
point. Thus water under a pressure of 2 atm boils at 121°C instead of at 100°C, as it does at sea-level atmospheric 
pressure. At high altitudes, where the atmospheric pressure is less than at sea level, water boils at a lower 


temperature than 100°C. At an elevation of 2000 m, for instance, atmospheric pressure is about three-quarters 
of its sea-level value and water boils at 93°C there. 


SOLVED PROBLEM 18.12 


A person is dissatisfied with the rate at which eggs cook in a pan of boiling water. Would they cook faster 
if the person (a) turns up the gas flame or (b) uses a pressure cooker? 


(a) No. The maximum temperature that water can have while in the liquid state is its boiling point. Increasing the 


rate at which the heat is supplied to a pan of water increases the rate at which steam is produced, but does not 
raise the temperature of the water beyond 100°C (212°F). 


(b) Yes. In a pressure cooker, the pressure is greater than normal atmospheric pressure, which elevates the boiling 
point and so causes the eggs to cook faster. 


SOLVED PROBLEM 18.13 


An ice cube at 0°C is dropped on the ground and melts to water at 0°C. If all the kinetic energy of the ice 
went into melting it, from what height did it fall? 


(Mass of ice)(heat of fusion) = initial potential energy of ice 
mLy- = mgh 
Ly — 3.35.x 10° J/kg _ 


h= 7 
& 9.8 m/s 


3.4 x 104m 
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SOLVED PROBLEM 18.14 


Five kilograms of water at 40°C is poured on a large block of ice at 0°C. How much ice melts? 


Heat lost by water = heat gained by ice 
myc AT = mMiceL f 
(5 kg)[4.185 kI/(kg-°C)](40°C) = (mice) (335 kJ/kg) 
837 
ice = =z kg =2.5k 
i 
SOLVED PROBLEM 18.15 


Five hundred kilocalories of heat is added to 2 kg of water at 80°C. How much steam is produced? 


The heat needed to raise the temperature of the water from 80°C to the boiling point of 100°C is 
Q; =mc AT = (2kg)[1 kcal/(kg-°C)](20°C) = 40 kcal 


Hence Q2 = 500 kcal — 40 kcal = 460 kcal of heat is available to convert water at 100°C to steam at the same 
temperature. Since Q) = MgteamL,, the steam produced is 


— OQ, 460kcal 
Reet = man eal 
SOLVED PROBLEM 18.16 


How much heat must be added to 200 Ib of lead at 70°F to cause it to melt? The specific heat capacity of 
lead is 0.03 Btu/(1b-°F), it melts at 626°F, and its heat of fusion is 10.6 Btu/Ib. 


Here AT = 626°F — 70°F = 556°F. Hence 
OQ =mc AT +mLy 
= (200 lb)[0.03 Btu/(Ib-°F)](556°F) + (200 Ib) (10.6 Btu/Ib) 
= 3336 Btu + 2120 Btu = 5456 Btu 


SOLVED PROBLEM 18.17 


Find the minimum amount of ice at — 10°C needed to bring the temperature of 500 g of water at 20°C 
down to 0°C. 


Here AT7j.. = 10°C and ATyater = 20°C. Therefore 


Heat gained by ice = heat lost by water 


MiceCice ATice + MiceL fice = MvyaterCwater AT water 


MvwaterCwater A Tyater (0.5 kg) [4 $ 1 85 kJ/kg: ‘ C) ] (20°C) 
Nice = = 


Cice ATice + Lice [2.09 kI/(kg-°C)] (10°C) + 335 kI/kg 
= 0.12 kg 


SOLVED PROBLEM 18.18 
A 30.1 g ice cube at 0°C is dropped into 200 g of water at 30°C. What is the final temperature? 
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If T is the final temperature, then AT; = T — 0°C and ATyater = 30°C — T. Therefore 


Heat gained by ice = heat lost by water 


Mice L f st MiceCwater ATice = MvyaterCwater AT yater 


(0.03 kg) (335 2) + (0.03 kg) ( 4.185 
sat ke ea Cees TE. 


(10.05 + 0.1267) kJ 


) (T —0°C) = (0.2 kg) (4.185 =z) (30°C — T) 
kg-C 


(25.11 — 0.8377) kJ 
0.963T 


15.06 
T 


15.6°C 


SOLVED PROBLEM 18.19 
How much steam at 150°C is needed to melt | kg of ice at 0°C? 


Here AT, = 150°C — 100°C = 50°C and AT, = 100°C — 0°C = 100°C. If m, is the mass of steam, 


Heat gained by ice = heat lost by steam 
MiceL ¢ = Msc AT, + my Ly + My Cwater ATs 
(1 kg)(335 kJ/kg) = (m;)[2.01 kI/(kg-°C)](S0°C) + (ms) [2260 kI/(kg-°C)] 
+ (ms)[4.185 kJ/(kg-°C)](100°C) 


335 kJ = (100.5 + 2260 + 418.5)m, kJ = 2779m, kJ 


335 
gy nT 
ms = 9979 “© : 


Multiple-Choice Questions 


18.1. Two thermometers, one calibrated in °F and the other in °C, are used to measure the same temperature. The reading 
in °C 
(a) is proportional to that in °F 
(b) is less than that in °F 
(c) is greater than that in °F 
(d) may be less or greater than that in °F 


18.2. Nitrogen boils at — 196°C. The Fahrenheit equivalent of this temperature is 
(a) —228°F (c) —321°F 
(b) —295°F (d) —385°F 
18.3. Lead melts at 626°F. The Celsius equivalent of this temperature is 
(a) 316°C (c) 366°C 
(b) 330°C (d) 1069°C 
18.4. Steam at 100°C is more dangerous than the same mass of water at 100°C because the steam 


(a) moves faster 

(b) is less dense 

(c) contains more internal energy 

(d) has a higher specific heat capacity 
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18.12. 
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18.14. 


18.15. 
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When a liquid evaporates 
(a) it gives off heat (c) its temperature drops 
(b) it absorbs heat (d) its temperature rises 


Which of the following substances requires the most heat per kilogram for a temperature rise of 1°C? 
(a) water (c) steam 

(b) ice (d) copper 

The freezing point of water is 0°C. Its melting point is 


(a) slightly lower than 0°C 


(b) O°C 
(c) _ slightly higher than 0°C 
(d) 32°C 


Food cooks faster in a pressure cooker than in an ordinary pot with a loose lid because the higher pressure 


(a) forces heat into the food more rapidly 

(b) lowers the boiling point of water 

(c) raises the boiling point of water 

(d) increases the specific heat capacity of water 


In an hour a 1000-W electric heater produces 

(a) 34Btu (c) 3416 Btu 

(b) 1054 Btu (d) 3600 Btu 

When 20 kJ of heat is removed from 1.2 kg of ice originally at —15°C, its new temperature is 
(a) —18°C (c) —26°C 

(b) —23°C (d) —35°C 


A hot liquid at 80°C is added to 600 g of the same liquid originally at 10°C. When the mixture reaches 30°C, the 
total mass of liquid is 


(a) 8252 
(b) 8402 
(c) 8572 


(d) Impossible to calculate without knowing the specific heat capacity of the liquid. 


If 400 g of water at 10°C is poured into a 600-g pitcher [c = 0.80 kJ/(kg-°C)] at 20°C, the final temperature of the 
water is 


(a) 11°C (ec) 14°C 
(b) 12°C (d) 17°C 


A 1.0-kg iron bar [c = 0.11 kcal/(kg-°C)] at 100°C is placed in 3.0 kg of water at 15°C. The temperature of the 
water increases by 

(a) 0.7°C (c) 5°C 

(b) 3°C (d) 18°C 

When 10 Ib of water at 50°F is poured over 1.0 lb of ice at 0°F, the resulting mixture is at 

(a) 19°F (c) 32°F 

(b) 31°F (d) 34°F 


Which one or more of the following combinations will result in water at 50°C? 
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18.16. 


18.1. 


18.2. 


18.3. 


18.4. 


18.5. 


18.6. 


18.7. 


18.8. 


18.9. 


18.10. 


18.11. 


18.12. 


18.13. 


18.14. 


18.15. 


18.16. 


18.17. 


18.18. 


(a) 1kg each of ice at 0°C and steam at 100°C 
(b) 1kg each of ice at 0°C and water at 100°C 
(c) 1kg each of water at 0°C and steam at 100°C 
(d) 1kg each of water at 0°C and water at 100°C 


If 3 MJ of heat is removed from 1 kg of steam at 200°C, the result is 


(a) ice (c) water 
(b) water and ice (d) water and steam 


Supplementary Problems 


A glass of water is stirred and then allowed to stand until the water stops moving. What has happened to the kinetic 
energy of the moving water? 


Why is an ice cube at 0°C more effective in cooling a drink than the same mass of water at 0°C? 

Ethyl alcohol melts at — 114°C and boils at 78°C. What are the Fahrenheit equivalents of these temperatures? 
Bromine melts at 19°F and boils at 140°F. What are the Celsius equivalents of these temperatures? 

How much heat must be removed from 4 Ib of water to 200°F to reduce its temperature to 50°F? 

How many joules of heat must be removed from 2 kg of water at 90°C to reduce its temperature to 20°C? 

How many kilocalories of heat must be added to a 20-kg block of ice to raise its temperature from —20 to —5°C? 
How much heat is lost by a 50-g silver spoon when it is cooled from 20 to 0°C? 


Three thousand kilojoules of heat is added to a 100-kg statue of Isaac Newton initially at 18°C. What is its final 
temperature [Cstatue = 0.58 kJ/(kg-°C)]? 


Two kilojoules of heat is added to a 0.88-kg glass jar at 20°C, and its temperature is found to rise to 28°C. What is 
the specific heat capacity of the glass? 


Ten kilograms of water at 5°C is added to 100 kg of water at 80°C. What is the final temperature of the mixture? 


A 600-g copper dish contains 1500 g of water at 20°C. A 100-g iron bar at 120°C is dropped into the water. What is 
the final temperature of the water [Ccopper = 0.39 kI/(kg-°C); Citron = 0.46 KI/(kg-°C)]? 


Four pounds of soup at 140°F is poured into a 4-lb china serving dish at 70°F. What is the final temperature of the 
soup [Csoup = 0.9 Btu/(lb-°F); cgish = 0.2 Btu/(1b-°F)]? 


How much water at 20°C must be added to 5 kg of punch at 70°C that is in a 1.5-kg silver punch bow] to lower its 
temperature to 60°C [Cpunch = 2.93 kJ/(kg-°C); Csiver = 0.234 kJ/(kg-°C)]? 


How much heat must be removed from 200 g of water at 30°C to convert it to ice at 0°C? 
Three pounds of water at 100°F is poured on a large block of ice at 32°F. How much ice melts? 


Two thousand kilojoules of heat is added to 10 kg of zinc at 20°C. How much zinc melts? The specific heat capacity 
of zinc is 0.39 kJ/(kg-°C), it melts at 420°C, and its heat of fusion is 100 kJ/kg. 


How much ice at 0°C must be added to 200 g of water at 30°C to lower its temperature to 20°C? 
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18.19. 


18.20. 


18.21. 


18.22. 


18.23. 


18.24. 


18.25. 


18.1. 


18.2. 


18.3. 


18.4. 


18.5. 


18.6. 


18.7. 


18.8. 


18.1. 


18.2. 


18.3. 


18.4. 
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Ten kilograms of ice at 0°C is mixed with 2 kg of steam at 100°C. Find the temperature of the resulting water. 


Three thousand Btu of heat is added to 3 1b of water at 100°F. How much steam is produced? What is the temperature 
of the steam? 


River water at 10°C is used to condense spent steam at 120°C to water at 50°C in an electric generating plant. If the 
cooling water leaves the condenser at 30°C, how many kilograms of river water are needed per kilogram of spent 
steam? 


(a) How many kilocalories per hour are given off by a 100-W light bulb? (b) How many Btu per hour? 


A typical gumdrop contains 35 kcal of energy. If this energy were used to raise an 80-kg person above the ground, 
how high would that person go? 


A lead bullet traveling at 200 m/s strikes a tree and comes to a stop. If half the heat produced is retained by the bullet, 
by how much does its temperature increase [Cjeag = 0.13 kJ/(kg-°C)]? 


Some 1.5 kg of water at 10°C in a 300-g aluminum kettle is placed on a 2-kW electric hot plate. What is the 
temperature of the water after 3 min [Cajuminum = 0.92 kJ/(kg-°C)]? 


Answers to Multiple-Choice Questions 


(d) «18.9. (c) 
(c) 18.10. (b) 
(b) 18.11. (b) 
(c) 18.12. (b) 
(b) 18.13. (b) 
(a) 18.14. (d) 
(b) 18.15. (d) 


(c) 18.16. (b) 


Answers to Supplementary Problems 


The kinetic energy of the moving water becomes dissipated into internal energy, and the water therefore has a higher 
temperature than before it was stirred. 


The ice absorbs heat from the drink in order to melt to water at 0°C. 
—173°F; 172°F 18.5. 600 Btu 


—7T°C; 60°C 18.6. 586 kJ 


CHAP. 18] 


18.7. 


18.8. 


18.9. 


18.10. 


18.11. 


18.12. 


18.13. 


18.14. 


18.15. 


18.16. 


150 kcal 

0.23 kJ 

70°C 

0.28 kI/(kg-°C) 
73°C 

21°C 

127°F 

0.62 kg 

92 kJ 


1.4 lb 


18.17. 


18.18. 


18.19. 


18.20. 


18.21. 


18.22. 


18.23. 


18.24. 


18.25. 


44kg 

20 g 

40°C 

3 Ib; 158°F 
30 kg 

(a) 86kcal 
187m 

80°C 


5.5°C 


HEAT 


(b) 342 Btu 
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CHAPTER 19 


Expansion of Solids, 
Liquids, and Gases 


LINEAR EXPANSION 


A change in temperature AT causes most solids to change in length (or other linear dimension) by an amount 
AL that is proportional to both the original length Lo and AT: 


AL = aLo AT 
Change in length = (a)(original length)(temperature change) 


The quantity a is a constant that depends on the nature of the material; it is called the coefficient of linear 
expansion. 


VOLUME EXPANSION 


The change in volume AV of a solid or liquid whose original volume is Vo when its temperature is changed by 
AT is 


AV = bV) AT 
Change in volume = (b)(original volume)(temperature change) 


The quantity b is the coefficient of volume expansion. Generally b = 3a for a given material. 


SOLVED PROBLEM 19.1 


A surveyor’s steel tape measure is calibrated at 20°C. A reading of 50 m is found when the tape measure 
is used to determine the width of a building lot when the temperature is — 10°C. How great an error does 
the temperature difference introduce? The coefficient of linear expansion of steel is 1.2 x 10°C. 


Since AT = 20°C — (—10°C) = 30°C, the 50-m length of steel tape shrinks by 


AL =aL) AT = (1.2 x 107°/°C)(50 m)(30°C) = 1.8 x 10°? m = 18 mm 
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SOLVED PROBLEM 19.2 


A wooden wagon wheel has an outside diameter of 3750 mm. The iron tire for this wheel is deliberately 
made smaller so that it can be shrunk in place to be a tight fit. If the tire’s inside diameter is 3737 mm 
at 20°C, find the temperature to which it must be heated to fit over the wheel. The coefficient of linear 
expansion of steel is 1.2 x 10-°/°C. 


Here Lo = 3737 mm and AL = 13 mm. Hence 


AL 13 mm 


AT = = 
aly (1.2 x 10-5/°C)(3737 mm) 


= 290°C 


The required temperature is therefore 20°C + 290°C = 310°C. 


SOLVED PROBLEM 19.3 


Find the force associated with the expansion of a steel beam whose cross-sectional area is 200 cm? 
when its temperature increases from 5 to 30°C. Young’s modulus for steel is Y = 2.0 x 10!! N/m’, and 
= 12 C10. 


The change in the beam’s length AL due to thermal expansion is given by 
AL = aLy AT 


To obtain the same change in length by mechanical means would involve applying a tension force F such that 


YAAL 
F= 
Lo 


according to Chapter 13. Thus the amount of force associated with the expansion is 


_YAAL _ YA(aLo AT) 
my IT Bigoe Lo 


F = YaA AT 


The force depends on the cross section of the beam but not on its length. For the beam under consideration here 
F = YaA AT = (2.0 x 10!! N/m’)(1.2 x 107°/°C) (0.02 m’)(25°C) = 1.2 x 10° N = 1.2 MN 


which is equivalent to nearly 135 tons. 


SOLVED PROBLEM 19.4 


How much water overflows when a Pyrex vessel filled to the brim with 1 L (1000 cm?) of water at 
20°C is heated to 90°C? The coefficients of volume expansion of Pyrex and water are 9 x 10~°/°C and 
2.1 x 10-4/°C, respectively. 


A cavity in an object expands or contracts by the same amount as a solid body with the composition of the 
object and the same volume as the cavity. Hence the volume of water that overflows is 


Vy — Vp = Dy Vo AT — bpVy AT = (by — bp)vo AT 


(210 x 107°C — 9 x 107*/°C) (1000 cm*)(70°C) 


= 14.1 cm° 


SOLVED PROBLEM 19.5 


Lead has a coefficient of linear expansion of 3 x 10~>/°C, and its density at 20°C is 11.0 g/cm}. Find the 
density of lead at 200°C. 
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Since b = 3a, the coefficient of volume expansion of lead is 
b= @)GK 10° FO =9 x 10°F 
At 20°C the volume of a mass m of lead is Vo = m/do, and at 200°C it is 
Wee a Via AY See BV AT. 


Substituting Vy) = m/do yields 


mm Previeed _ m4 BAT) 
dd dd 
d 
d= : 
1+bDAT 
Here AT = 200°C — 20°C = 180°C, and so 
11 g/cm? 


d= = 10.8 g/em? 
1+ 0 x 105/C)(180°C) one 


BOYLE’S LAW 


At constant temperature, the volume of a sample of gas is inversely proportional to the absolute pressure applied 
to the gas. The greater the pressure, the smaller the volume. This relationship is known as Boyle’s law. If p, is 
the gas pressure when its volume is V; and pz is its pressure when its volume is V2, then Boyle’s law states that 


PiVi = p2V2 T = constant 


SOLVED PROBLEM 19.6 


A 1-L sample of nitrogen at 0°C and 1-atm pressure is compressed to 0.5 L. If the temperature is 
unchanged, what happens to the pressure of the sample? 


Since p2 = pi Vi/ V2 and here V;/ V2 = 2, the pressure doubles to 2 atm. 


SOLVED PROBLEM 19.7 


A scuba diver’s 12-L tank is filled with air at an absolute pressure of 150 bar. If the diver uses 30 L of 
air per minute at the same 2.5-bar absolute pressure as the water pressure at her depth of 15 m below the 
surface, how long can she stay at that depth? 


From Boyle’s law the volume of air available at a pressure of 2.5 bar is 


Pivi = (150 bar)(12 L) 


V- — 
or 2.5 bar 


= 720L 


However, 12 L of air remains in the tank, so she can use only 708 L. Hence 


708 L 


t = ———— = 23.6 min 
30 L/min 


SOLVED PROBLEM 19.8 


A steel cylinder contains 3 m? of air at a gauge pressure of 15 bar. What volume would this amount of 
air occupy at sea-level atmospheric pressure of about | bar? 


The absolute pressure of the air in the tank is 


P = gauge pressure + atmospheric pressure 


= 15 bar+ 1 bar = 16 bar 
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When p> = | bar, 


_ PV; _ (16 bar)(3 m’) 
oS pe |S 1 bar 


V> = 48 m? 


SOLVED PROBLEM 19.9 


What additional volume of air at | bar pressure must be pumped into the tank of Prob. 19.8 in order to 
raise the gauge pressure to 25 bar? 


When the absolute pressure of the air in the tank is 
Pi = 25 bar + 1 bar = 26 bar 


the equivalent volume of air at p. = 1 bar is 


_ piv _ (26 bar)(3 m*) 


=78 mm 
P2 1 bar 


Vo 


The additional volume of air is 78 m? — 48 m? = 30 m?. 


ABSOLUTE TEMPERATURE SCALES 


When the temperature of a sample of gas is changed while the pressure on it is held constant, its volume changes 
by 1/273 of its volume at 0°C for each temperature change of 1°C. If it were possible to cool a gas sample to 
—273°C, its volume would diminish to zero. Since all gases condense into liquids at temperatures above —273°C, 
this experiment cannot be carried out; nevertheless, —273°C is a significant temperature. 

On the absolute temperature scale, the zero point is set at —273°C. Temperatures in this scale (also known 
as the Kelvin scale) are expressed in kelvins (K); these units are equal to Celsius degrees. Thus 


Tea Te O73 


The freezing point of water on the absolute scale is 273 K, and its boiling point is 373 K. 
The Rankine scale is an absolute temperature scale based on the Fahrenheit scale. Absolute zero in the 
Rankine scale is —460°F, and 


Tr = Tr + 460° 


The freezing point of water in the Rankine scale is 460°R, and its boiling point is 672°R. 


CHARLES’S LAW 


Because of the way the absolute temperature scales are defined, the relationship between the temperature and 
volume of a gas sample at constant pressure can be expressed as 

Vi Ve 

ie Pp = constant 

Tl, Th 
In this formula, which is called Charles’s law, V; is the volume of the sample at the absolute temperature 7; 
and V3 is its absolute temperature 7>; the formula only holds when the temperatures are expressed in an absolute 
scale. 
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IDEAL GAS LAW 


Boyle’s law and Charles’s law can be combined to form the ideal gas law: 


Pivi _ p2V2 
T) Ty 


This law is obeyed fairly well by all gases through a wide range of pressures and temperatures. An ideal gas is 
one for which pV/T = constant under all circumstances. Although no such gas actually exists, the fact that a 
real gas behaves approximately as an ideal one provides a specific target for theories of the gaseous state. 

The ideal gas law is further discussed in Chapter 20. 


SOLVED PROBLEM 19.10 


Nitrogen boils at — 196°C. What is this temperature on the absolute scale? 


Tx = Te +273 = —196 +273 = 77K 


SOLVED PROBLEM 19.11 
The surface temperature of the sun is about 6000 K. What is the Celsius equivalent of this temperature? 
To = Tx — 273 = 5727°C 


SOLVED PROBLEM 19.12 


Ethyl] alcohol freezes at —173°F and boils at 172°F. What are these temperatures on the Rankine scale? 


Tr = Tr + 460° = —173° + 460° = 287°R 
Tr = 172° + 460° = 632°R 


SOLVED PROBLEM 19.13 


To what temperature must a gas sample initially at 0°C and atmospheric pressure be heated if its volume 
is to double while its pressure remains the same? 


Since 7, = 0°C = 273 K and V> = 2V,, from Charles’s law 


Tv, — 273 K)CV)) 


= = 546 K = 273°C 
V, V, 


T, 


SOLVED PROBLEM 19.14 


The tire of a car contains air at an absolute pressure of 2.4 x 10° Pa when its temperature is 10°C. If the 
tire’s volume does not change, what is the pressure when the temperature is 40°C? 


The first step is to convert the temperatures to their absolute equivalents: 
T,; = 10° + 273° = 283K Th = 40° + 273° = 313K 


Since p; = 2.4 x 10° Pa and V; = V>, from the ideal gas law pi Vi /T = p2V2/T2 we have 


T. 313 K)(2.4 x 10° P 
ge TOM CIIOCR IDES 2 orci Ba 
Ti 283 K 
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SOLVED PROBLEM 19.15 


A tank whose capacity is 0.1 m* contains helium at an absolute pressure of 10 bar and a temperature of 
20°C. A rubber weather balloon is inflated with this helium. (a) The gas cools as it expands, and when the 
pressure of the helium in the balloon is | bar, its temperature is —40°C. Find the volume of the balloon. 
(b) Eventually the helium in the balloon absorbs heat from the air around it and returns to 20°C. Find the 
volume of the balloon at this time. 


(a) Here T,; = 20°C = 293 K, T) = —40°C = 233 K, V; = 0.1 m’, P1 = 10 bar, p2 = | bar. From the ideal gas 
law, 


_ TopiV, _ (233 K)(10 bar)(0.1 m’) 


= = 0.8 m? 
T; po (293 K)(1 bar) 


Vy 


The volume of the balloon is therefore 0.7 m? at this time, since the tank retains 0.1 m? of the helium after the 
expansion. 


(b) Here p; = 10 bar, p3; = 1 bar, V; = 0.1 m%, and, since T; = T;, Boyle’s law can be used. We have 


_ pV; _ (0 bar)(0.1m*) | 


1m 
P2 1 bar 


V3 


The volume of the balloon is therefore 0.9 m?, assuming it is still attached to the tank. 


SOLVED PROBLEM 19.16 


A gas sample occupies 5 ft? at 60°F and atmospheric pressure. (a) Find its volume at 200°F and a gauge 
pressure of 50 Ib/in.”. (b) Find its gauge pressure when it has been compressed to | ft? and the temperature 
has been reduced to 0°F. 


(a) Here T,; = 60° + 460° = 520°R, V; = 5 ft®, and p; = 15 Ib/in.?. When 
T, = 200° + 460° = 660°R _— and Po = 50 Ib/in.” + 15 Ib/in.? = 65 Ib/in. 
the volume V3 is 


y, _ Epi _ (660°R\(S Ibfin.2)(5 f°) 
>= "Tip (520°R) (65 Ib/in2) 


= 1.46 ft 


(b) Now T; = 0° + 460° = 460°R and V; = 1 ft*. Hence the new absolute pressure is 


_ TrpiVi _ (460°R)(15 Ib/in.)(5 f°) 


= a = 66 lb/in. 
saa AT (520°R)(1 ft) 


The new gauge pressure is 66 — 15 = 51 lb/in.”. 


SOLVED PROBLEM 19.17 


The density of air at 0°C and 1 bar of pressure is 1.293 kg/m*. Find its density at 100°C and 2-bar 
pressure. 


At a pressure of p; = | bar and an absolute temperature of T, = 0 + 273 = 273 K, the mass of a volume of 
air V; of density d; ism = d,V,. At po = 2 bar and T, = 100 + 273 = 373 K, the volume V) is 


m IhpiVi 
V2 a 
dy T) pa 
Since m = d,V,, 
avi Thpivi 


dy Tipo 
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19.1. 


19.2. 


19.3. 


19.4, 


19.5. 


19.6. 


19.7. 


19.8. 


19.9, 
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and so 


dit, 1.293 kg/m?) (273 K)(2 b 
if ie CUTE, od eft ET TO A <2 BO ae 
Top (373 K)(I bar) 


Multiple-Choice Questions 


At what temperature will an iron bar (a = 1.2 x 10~>/°C) be longer by 0.10 percent than it is at 20°C? 


(a) 63°C (c) 103°C 
(b) 83°C (d) 120°C 


An aluminum pot whose volume is 1000 cm? at 20°C has a volume of 1006 cm? at 100°C. The coefficient of linear 
expansion of aluminum is 


(a) 2.5 x 10°C (c) 7.5 x 107°C 
(b) 6.0 x 10-57°C (d) 2.25 x 10-4/°C 


An iron bar is heated from 10°C to 100°C. 


(a) Its volume increases and its density decreases. 
(b) Its volume increases and its density is unchanged. 
(c) Its volume increases and its density increases. 
(d) Its volume is unchanged and its density increases. 


Copper has a coefficient of linear expansion of 1.7 x 107->/°C. A copper bar 1.000 m long at 20°C is cooled until it 
is 1 mm shorter. The new temperature of the bar is 

(a) -17°C (c) —59°C 

(b) —35°C (d) —79°C 

The Celsius equivalent of 200 K is 

(a) —73°C (c) 232°C 

(b) 73°C (d) 473°C 

The temperature of an object increases by 50°C. The increase in its absolute temperature is 

(a) 28K  (c) 90K 

(b) 50K (d) 323K 

An object’s temperature is raised by 100°C. The resulting increase in its absolute temperature is 
(a) 32K (c) 180K 

(b) 100K (d) 373K 

Nitrogen boils at —320°F. On the Rankine scale this temperature is 

(a) —47°R (c) 140°R 

(b) 108°R (d) 172°R 


The pressure and absolute temperature of a gas sample whose volume is fixed are related by which one or more of 
the following formulas? 


P1 P2 T: 
@ ~=—> @« Pua? 
Qh 1 Pp Th 
(b) Pi _ Pr Pi Th 


TT, ‘T. (d) = 
} 2 T, P2 
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19.10. 


19.11. 


19.1. 


19.2. 


19.3. 


19.4, 


19.5. 


19.6. 


19.7. 


19.8. 


19.9, 


19.10. 


19.11. 


19.12. 


19.13. 


19.14. 


At constant temperature the absolute pressure on 10 ft? of air is increased from 20 to 80 Ib/in.”. The volume of the 
air is now 


(a) 2.5f8 (c) 40ft 
(b) 5ft (d) 80 ft? 


A sample of oxygen whose volume at 0°C and 200 kPa of pressure is 4.00 L is compressed to 1.00 L and its 
temperature is raised to 273°C. The pressure of the gas is now 


(a) 100kPa  (c) 800kPa 
(b) 400kPa  (d) 1600 kPa 


Supplementary Problems 


A steel bridge is 500 m long at 0°C. By how much does it expand when the temperature becomes 35°C? The 
coefficient of linear expansion of steel is 1.2 x 107>/°C. 


A brass rod 4 ft long expands by + in. when heated from 70 to 200°F. Find the coefficient of linear expansion of 
brass. 


How much mercury (b = 1.8 x 10~*/°C) overflows when a glass vessel (b = 2 x 1075/°C) filled to the brim with 
50 cm? of mercury at 15°C is heated to 75°C? 


The density of mercury is 830 lb/ft? at 70°F. Find its density at 0°F. The coefficient of volume expansion of mercury 
is 1.0 x 10-4/°F. 


A load of 2000 kg is placed on a vertical steel beam 5 m high whose cross-sectional area is 30 cm’. The temperature 
is 20°C. (a) By how much is the beam compressed? (b) At what temperature will the beam return to its original 
height? For steel, Y = 2 x 10'' Pa anda = 1.2 x 10-°/°F; 1 m? = 10+ cm’. 

Aluminum has a coefficient of linear expansion of 2.4 x 107>/°C and a Young’s modulus of 7 x 10!° Pa. For steel 
the respective values are 1.2 x 10~-5/°C and 20 x 10!° Pa. If identical bars of the two metals undergo the same 


temperature change, which bar has the greater force associated with its change in length? 


A compressor pumps 50 L of air at a pressure of 1 bar into an 8-L tank. What is the absolute pressure of the air in 
the tank? 


How much air at a pressure of | bar can be stored in a 2-m? tank which can safely withstand a pressure of 5 bar? 
What is the Celsius equivalent of 500 K? 

What is the Kelvin equivalent of 500°C? 

What is the Fahrenheit equivalent of 500°R? 

What is the Rankine equivalent of 500°F? 


A tire contains 1 ft? of air at a gauge pressure of 28 Ib/in.2. How much additional air at atmospheric pressure must 
be pumped into the tire to raise the pressure to 36 Ib/in.? at the same temperature? 


A tire contains air at a gauge pressure of 2 bar at 15°C. If the tire’s volume does not change, what will the gauge 
pressure be when its temperature is 38°C? 
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19.15. 


19.16. 


19.17. 


19.1. 


19.2. 


19.3. 


19.4, 


19.5. 


19.6. 


19.1. 


19.2. 


19.3. 


19.4. 


19.5. 


19.6. 


19.7. 


19.8. 


19.9. 
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The weight density of carbon dioxide is 0.1234 Ib/ft? at 32°F and 1-atm pressure. Find its weight density at 80°F 
and 10-atm pressure. 


A gas sample occupies 4 m? at an absolute pressure of 2 bar and a temperature of 320 K. Find its volume (a) at the 
same pressure and a temperature of 400 K and (b) at the same temperature and a pressure of 0.4 bar. 


A gas sample occupies a volume of 1 m? at a temperature of 27°C and a pressure of 1 bar. Find its volume (a) at 
127°C and 0.5 bar; (b) at 127°C and 2 bar; (c) at —73°C and 0.5 bar; and (d) at —73°C and 2 bar. 


Answers to Multiple-Choice Questions 


(c) 19.7. (b) 
(a) —- 19.8. (c) 
(a) «19.9. (b) 
(b) 19.10. (a) 


(a) 19.11. (d) 


(b) 
Answers to Supplementary Problems 
21cm 19.10. 773K 
1.0 x 10°/°F 19.11. 40°F 
0.48 cm? 19.12. 960°R 
836 Ib/ft? 19.13. 0.53 ft 


(a) 0.163mm  (b) 2.7°C 19.14. 2.24 bar 


The steel bar 19.15. 1.124 lb/ft? 
6.25 bar 19.16. (a) 5m (b) 20m? 
9.87 m3 19.17. (a) 2.67 m? (c) 1.33 m3 


(b) 0.67 m3 (d) 0.33 m3 
227°C 


CHAPTER 20 


Kinetic Theory 
of Matter 


KINETIC THEORY OF GASES 


The kinetic theory of gases holds that a gas is composed of very small particles, called molecules, which are in 
constant random motion. The molecules are far apart relative to their dimensions and do not interact with one 
another except in collisions. 

The pressure a gas exerts is due to the impacts of its molecules; there are so many molecules in even a small 
gas sample that the individual blows appear as a continuous force. Boyle’s law is readily understood in terms 
of the kinetic theory of gases. Expanding a gas sample means that its molecules must travel farther between 
successive impacts on the container walls and that the impacts are spread over a larger area. Hence an increase 
in volume means a decrease in pressure, and vice versa. 


MOLECULAR ENERGY 


According to the kinetic theory of gases, the average kinetic energy of the molecules of a gas is proportional to 
the absolute temperature of the gas. This relationship is usually expressed in the form 


where k = Boltzmann’s constant = 1.38 x 107-73 J/K. Actual molecular energies vary considerably on either 
side of KE,y. 

At absolute zero, 0 K, gas molecules would be at rest, which is why this is such a significant temperature. At 
any given temperature, all gases have the same average molecular energy. Therefore, in a gas whose molecules 
are heavy, the molecules move more slowly on the average than do those in a gas at the same temperature whose 
molecules are light. 

Charles's law follows directly from the above interpretation of temperature. Compressing a gas causes its 
temperature to rise because molecules rebound from the inward-moving walls of the container with increased 
energy, just as a tennis ball rebounds with greater energy when it is struck by a moving racket. Similarly, 
expanding a gas Causes its temperature to fall because molecules rebound from the outward-moving walls with 
decreased energy. 
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SOLIDS AND LIQUIDS 


The molecules of a solid are close enough together to exert forces on one another that hold the entire assembly 
to a definite size and shape. As in the case of a gas, the molecules are in constant motion, but they vibrate about 
fixed locations instead of moving randomly. The molecules of a liquid continually move around past one another 
more or less freely, which enables the liquid to flow, but their spacing does not change, and so the volume of a 
given liquid sample does not vary. 

When a solid melts, the original ordered arrangement of its molecules changes to the random arrangement 
of molecules in a liquid. To accomplish the change, the molecules must be pulled apart against the forces holding 
them in place, which requires energy. The heat of fusion of a solid represents this energy. When a liquid boils, 
the heat of vaporization represents the energy needed to pull its molecules entirely free of one another so that a 
gas is formed. 


SOLVED PROBLEM 20.1 


Gas molecules have velocities comparable with those of rifle bullets, yet we all know that a gas with a 
strong odor, such as ammonia, takes several seconds to diffuse through a room. Why? 


Gas molecules collide frequently with one another, which means that a particular molecule follows a long, very 
complicated path in going from one place to another. 


SOLVED PROBLEM 20.2 


Explain the evaporation of a liquid at a temperature below its boiling point on the basis of the kinetic 
theory of matter. 


At any moment in a liquid, some molecules are moving faster and others are moving slower than the average. 
The fastest ones are able to escape from the liquid surface despite the attractive forces exerted by the other molecules; 
this constitutes evaporation. The warmer the liquid, the greater the number of very fast molecules, and the more 
rapidly evaporation takes place. Since the molecules that remain behind are the slower ones, the liquid has a lower 
temperature than before (unless heat has been added to it from an outside source during the process). 


SOLVED PROBLEM 20.3 
What is the average kinetic energy of the molecules of any gas at 100°C? 


The absolute temperature corresponding to 100°C is 
Tr = Tce + 273 = 373 K 
The average kinetic energy at this temperature is 
KE,y = 3kT = (3)(1.38 x 10-” J/K)(373 K) = 7.72 x 10-7! J 


SOLVED PROBLEM 20.4 


What is the average velocity of the molecules in a sample of oxygen at 100°C? The mass of an oxygen 
molecule is 5.3 x 10~7° kg. 


Since KE, = 4mv2, = 3kT, 


3kT 


m 


Vay = 
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Here T = 100°C = 373 K, and so 


=23 
v= [eee = Sie CE OMe prepeer, Oe 
m 


5.3 x 10-76 kg 


= 5.4 x 10° m/s = 540 m/s 


SOLVED PROBLEM 20.5 


A certain tank holds | g of hydrogen at 0°C, and another identical tank holds 1 g of oxygen at 0°C. The 
mass of an oxygen molecule is 16 times greater than that of a hydrogen molecule. (a) Which tank contains 
more molecules? How many more? (b) Which gas exerts the greater pressure? How much greater? (c) In 
which gas do the molecules have greater average energies? How much greater? (d) In which gas do the 
molecules have greater average velocities? How much greater? 


(a) There are 16 times more hydrogen molecules. 


(b) The hydrogen pressure is 16 times greater because there are 16 times more molecules to exert force on the 
container walls. 


(c) The average molecular energies are the same in both gases because their temperatures are the same. 


(d) The average velocity of the hydrogen molecules is V16 = 4 times more than that of the oxygen molecules 
because the hydrogen molecules are 16 times lighter and vay = ./3kT/m. 


RELATIVE HUMIDITY 


The humidity of air refers to the amount of water vapor it contains. Air is saturated when it contains the maximum 
amount of water vapor possible; the higher the temperature, the greater the water vapor density at saturation, 
as shown in Fig. 20-1. The relative humidity of a volume of air describes its degree of saturation. A relative 
humidity of 0 means perfectly dry air; 50 percent means that the air contains half the maximum water vapor 
possible; 100 percent means that the air is saturated. 


50 
40 
30 


20 


Water vapor density, g/m’ 


0 
-10 0 10 20 30 40 50 
Temperature, °C 


Fig. 20-1 
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SOLVED PROBLEM 20.6 
Find the water vapor density of air at 25°C whose relative humidity is 50 percent. 


From Fig. 20-1 we see that the saturated water vapor density at 25°C is about 23 g/m. Since 


actual vapor density 


Relative humidity = : : 
saturation vapor density 


we have here 


Actual vapor density = (relative humidity)(saturation vapor density) 


= (0.50)(23 g/m?) = 11.5 g/m? 


SOLVED PROBLEM 20.7 


The dew point is the temperature at which air with a certain water vapor density would be saturated and 
moisture would start to condense. Dew point is useful in predicting fog: When the air temperature is near 
the dew point and is decreasing, fog is likely to occur. What is the dew point of air at 25°C whose relative 
humidity is 50 percent? 


The water vapor density of the air is 11.5 g/m? as found in Prob. 20.6. From Fig. 20-1 air with this vapor density 
is saturated at about 13°C, so this temperature is the dew point here. 


ATOMS AND MOLECULES 


Elements are the fundamental substances of which all matter is composed. There are over 100 known elements, 
of which a number are not found in nature but have been prepared in the laboratory. Elements cannot be 
transformed into one another by ordinary chemical or physical means, but two or more elements can combine to 
form a compound, which is a substance whose properties are different from those of its constituent elements. 

The ultimate particles of an element are called atoms, and those of a compound that exists in the gaseous 
state are called molecules. The molecules of a compound consist of the atoms of the elements that compose it 
joined in a specific arrangement. Each molecule of water, for instance, contains two hydrogen atoms and one 
oxygen atom, as its symbol HO indicates. Many compounds in the solid and liquid states do not consist of 
individual molecules, as discussed later. Elemental gases may consist of atoms (helium, He; argon, Ar) or of 
molecules (hydrogen, H2; oxygen, O2). 

The masses of atoms and molecules are expressed in atomic mass units (u), where 


1 atomic mass unit = 1 u = 1.660 x 10-7’ kg 


The mass m of a molecule is the sum of the masses of the atoms of which it is composed; thus m(H2O) = 
2m(H) + m(O). 


THE MOLE 


The samples of matter used in both industry and the laboratory involve so many atoms or molecules that counting 
them is out of the question. Instead the mass of a particular sample is used as a measure of its quantity, and it is 
necessary to relate this mass to the number of atoms or molecules in the sample. 

When the masses of two samples of different substances stand in the same proportion as their molecular 
masses, they contain the same number of molecules. To use this fact, the mole is defined as follows: A mole 
of any substance is that amount of it whose mass is equal to its molecular mass expressed in grams instead of 
atomic mass units. 

Thus a mole of water has a mass of 18 g since a water molecule has a mass of 18 u. A mole of an elemental 
substance that consists of individual atoms rather than molecules is that amount of it whose mass is equal to its 
atomic mass expressed in grams (Fig. 20-2). In SI units the amount of a substance corresponding to a mole is 
taken as a basic unit and written as | mol. 
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The number of molecules in a mole of any substance is Avogadro’s number N, whose value is 
N = 6.023 x 107 molecules/mol 


The number of molecules in a sample of a substance is the number of moles it contains multiplied by NV. 


Atom of carbon Molecule of water (H,O) 
m=12u m=18u 
Mole of carbon Mole of water 
m=12¢g 
m=18g 
Fig. 20-2 


SOLVED PROBLEM 20.8 


Find the mass of (a) the water molecule H2O and (b) the ethyl alcohol molecule C2H,O. The atomic 
masses of H, C, and O are, respectively, 1.008, 12.01, and 16.00 u. 


(a) 2(H) = (2)(1.008)u= 2.02u 
1(O) = (1)(16.00) u = 16.00 u 
18.02 u 


m(H0) = (18.02 u)(1.66 x 107°” kg/u) = 2.99 x 10° kg 


(b) 2(C) = (2)(12.01) u = 24.02 u 
6(H) = (6)(1.008) u= 6.05 u 


1(O) = (1)(16.00) u = 16.00 u 
46.07 u 


m(CyH60) = (46.07 u)(1.66 x 1077” kg/u) = 7.65 x 10776 kg 


SOLVED PROBLEM 20.9 
How many H2O molecules are present in | kg of water? 


mass of H,O 


Molecules of H,O = 
mass of H,O molecule 


1lkg 


= ——__* ___ = 3,34 x 10% molecules 
2.99 x 10-76 kg 
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SOLVED PROBLEM 20.10 
Find the mass of 75 mol of uranium (U). 
The atomic mass of uranium is 238.03 u, which means that a mole of U has a mass of 238.03 g. Hence 


Mass of U = (moles of U)(atomic mass of U) 


= (75 mol)(238.02 g/mol) = 1.785 x 10* g = 17.85 kg 


SOLVED PROBLEM 20.11 
How many moles of Cu are present in 100 g of copper? 


The atomic mass of Cu is 63.54 u = 63.54 g/mol. Hence 


mass of Cu 100 g 


Moles of Cu = = 1.574 mol 


atomic mass of Cu 63.54 g/mol 


SOLVED PROBLEM 20.12 
(a) Find the mass of 9.4 mol of ethylene (C2H,4). (b) How many carbon atoms are present? 
(a) The molecular mass of ethylene is 


2(C) = (2)(12.01) u = 24.02 u 


4(H) = (4)(1.008) u = _4.03 u 
28.05 u = 28.05 g/mol 


The required mass is 
Mass of C2H,4 = (moles of CoH.) (molecular mass of C2H4) = (9.4 mol)(28.05 g/mol) = 264 g 


(b) Two moles of carbon are present in each mole of C.H4. Hence there is (2) (9.4 mol) = 18.8 mol of carbon 
present in 9.4 mol of C,H,. The number of carbon atoms is 


Atoms of C = (moles of C)(Avogadro’s number) 


= (18.8 mol)(6.023 x 10¥atoms/mol) = 1.13 x 10> atoms 


MOLAR VOLUME 


Equal volumes of all gases, under the same conditions of temperature and pressure, contain the same number 
of molecules and therefore the same number of moles. This observation is most useful stated in reverse: Under 
given conditions of temperature and pressure, the volume of a gas is proportional to the number of moles present. 

For convenience, a temperature of 0°C (273 K) and a pressure of 1 atm (1.013 x 10° N/m? = 14.7 lb/in.) are 
taken as the standard temperature and pressure (STP); Charles’s and Boyle’s laws permit measurements made at 
other temperatures and pressures to be reduced to their equivalents at STP. Experimentally it is found that 1 mol 
of any gas at STP occupies a volume of 22.4 L. Thus the molar volume of a gas is 22.4 L at STP. This observation 
makes it possible to deal with gas volumes in chemical reactions. If a certain reaction is known to produce 2.5 
mol of a gas, for instance, we know that at STP the volume of the gas will be 


V = (moles of gas)(molar volume) = (2.5 mol)(22.4 L/mol) = 56 L 


UNIVERSAL GAS CONSTANT 


According to the ideal gas law (Chapter 19), the pressure, volume, and temperature of a gas sample obey the 
relationship pV /T = constant. We can find the value of the constant in terms of the number of moles n of gas in 
the sample by making use of the fact that the molar volume at STP is 22.4 L. At STP we have T = 0°C = 273 K, 
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p = 1 atm, and V = (n)(22.4 L/mol) so that 


DV (n)Ci atm)(22.4 L/mol) R 
= =n 
T 273 K 


where R, the universal gas constant, has the value 
R = 0.0821 atm-L/(mol-K) 
In SI units, in which p is in newtons per square meter and V is in cubic meters, 
R = 8.31 J/(mol-K) 
The complete ideal gas law is usually written in the form 


pV =nRT 


SOLVED PROBLEM 20.13 


(a) What volume does | g of ammonia (NH3) occupy at STP? (b) What volume does it occupy at 100°C 
and a pressure of 1.2 atm? 


(a) The molecular mass of NH; is 


1(N) = (1)(14.01) u= 14.01 u 


3(H) = (3)(1.008) u= _3.02u 
17.03 u = 17.03 g/mol 


so the number of moles in 1 g of NH3 is 


mass of NH3 lg 


Moles of NH3 = = 0.0587 mol 


molecular mass of NH; ~ 17.03 g/mol 


The volume at STP is therefore 
Volume of NH; = (moles of NH3)(molar volume) = (0.0587 mol)(22.4 L/mol) = 1.32 L 


(b) From the ideal gas law, 


Pivi — p2V2 PiViT 
= or Y= —— 
T, Ty P2T\ 
Here p; = | atm, V; = 1.32 L, JT; = 0°C = 273 K and p> = 1.2 atm, V. =?, T, = 100°C = 373 K. 
Hence 
1 : 
= (1 atm)(1.32 L)(373 K) = 150L 
(1.2 atm)(273 K) 
SOLVED PROBLEM 20.14 


What is the mass of 40 L of uranium hexafluoride (UF) at 500°C and 4 atm of pressure? 


The most direct way to solve this problem is to use the ideal gas law to find the number of moles of UF¢ in the 
sample. Since pV = nRT and T = 500°C = 773 K, we have 


_ pv (4 atm) (40 L) 


= = = 2.52 mol 
RT [0.0821 atm-L/(mol-K)](773 K) 


n 
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The molecular mass of UF¢ is 


1(U) = (1)(238.03) u = 238.03 u 


6(F) = (6)(19.00) u = 114.00 u 
352.03 u = 352.03 g/mol 


so the mass of UF, is 


Mass of UF, = (moles of UF,)(molecular mass of UFs) = (2.52 mol)(352.03 g/mol) = 887 g 


SOLVED PROBLEM 20.15 
Find the density in grams per liter of ethylene (C,H) at STP. 
At STP | mol of any gas occupies 22.4 L. The molecular mass of CH, is 


2(C) = (2)(12.01) u = 24.02 u 


4(H) = (4)(1.008) u = _4.03 u 
28.05 u = 28.05 g/mol 


One mole of C,H, therefore has a density at STP of 


go 28.05 g 
~V 22.41L 


= 1.25 g/L 


SOLVED PROBLEM 20.16 
What is the density of oxygen at 20°C and 5 atm of pressure? 


It is simplest here to use the ideal gas law to find the mass of 1 L of O, under the specified conditions. The 
number of moles in 1 L of O2 at T = 20°C = 293 K and p = 5 atmis, from pV =nRT, 


pV | (5 atm)(1 L) 


n= = = 0.208 mol 
RT [0.0821 atm-L/(mol-K)](293 K) 


Since the molecular mass of O} is (2)(16.00) u = 32.00 u = 32.00 g/mol, the mass here is 
Mass of O2 = (moles of O2)(molecular mass of O2) = (0.208 mol)(32.00 g/mol) = 6.66 g 


Hence the density of the gas is 


m 6.668 
B= > = = 6.66 fh 


There are 10° grams per kilogram and 10° liters per cubic meter, which means that the density in SI units is 6.66 kg/m?. 


SOLVED PROBLEM 20.17 
A sample of an unknown gas has a mass of 28.1 g and occupies 4.8 L at STP. What is its molecular mass? 


Since | mol of any gas occupies 22.4 L at STP, this sample must consist of 


4.8L 
———— = 0.214 mol 
22.4 L/mol 
Hence 
mass of sample 28.1 ¢ 
Molecular mass = = = 131 g/mol = 131lu 


moles of sample 0.214 mol 
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20.1. 


20.2. 


20.3. 


20.4. 


20.5. 


20.6. 


20.7. 


20.8. 


Multiple-Choice Questions 


Molecular motion in a gas stops 


(a) at absolute zero 

(b) when the gas becomes a liquid 

(c) when the gas becomes a solid 

(d) when the pressure on it exceeds a certain value 


At a given temperature 


(a) the molecules in a gas all have the same average velocity 

(b) the molecules in a gas all have the same average energy 

(c) light gas molecules have lower average energies than heavy gas molecules 
(d) heavy gas molecules have lower average energies than light gas molecules 


The temperature of a gas sample in a container of fixed volume is raised. The gas exerts a higher pressure on the 
walls of its container because its molecules 


(a) lose more PE when they strike the walls. 

(b) lose more KE when they strike the walls 

(c) are in contact with the walls for a shorter time 

(d) have higher average velocities and strike the walls more often 


The volume of a gas sample is increased while its temperature is held constant. The gas exerts a lower pressure on 
the walls of its container partly because its molecules strike the walls 


(a) less often (c) with less energy 
(b) with lower velocities (d) with less force 


When evaporation occurs, the liquid that remains is cooler because 


(a) the pressure on the liquid decreases 
(b) the volume of the liquid decreases 
(c) the slowest molecules remain behind 
(d) the fastest molecules remain behind 


When a volume of air is heated, 


(a) itcan hold less water vapor 

(b) it can hold more water vapor 

(c) the amount of water vapor it can hold does not change 
(d) its relative humidity increases 


Cooling saturated air causes 


(a) its relative humidity to decrease 

(b) its relative humidity to increase 

(c) its ability to take up water vapor to increase 
(d) some of its water content to condense out 


Which one or more of the following quantities are the same for both a mole of oxygen molecules and a mole of 
nitrogen molecules at the same temperature and pressure? 


(a) the number of molecules present 

(b) the average velocities of the molecules 
(c) the volume of the gas 

(d) the density of the gas 
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20.9. 


20.10. 


20.11. 


20.12. 


20.13. 


20.1. 


20.2. 


20.3. 


20.4. 


20.5. 


20.6. 


20.7. 


20.8. 


20.9. 


20.10. 


20.11. 
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How many moles of H atoms are present in | mol of water, HO? 


The mass of a nitrogen atom is 14 u. The number of moles of molecular nitrogen (N2) in 56 g of nitrogen is 


(a) 2 (c) 28 
(b) 4 (d) 64 


A gas sample at 200 K is heated until its temperature is 400 K. If the original average velocity of the gas molecules 
was v, their new average velocity is 


(a) v (c) 2v 
(b) V2v (d) 4v 


The molecules of a gas at 10°C would have twice as much average KE at 


(a) 20°C (c) 566°C 
(b) 293°C (d) 859°C 


An oxygen molecule has 16 times the mass of a hydrogen molecule. A sample of hydrogen gas whose molecules 
have the same average KE as the molecules in a sample of oxygen at 400 K is at a temperature of 


(a) 25K (c) 1600 K 
(b) 400 K (d) 6400 K 


Supplementary Problems 


The volume of a gas sample is enlarged. Why does the pressure the gas exerts decrease? 
The temperature of a gas sample is raised. Why does the pressure the gas exerts increase? 


When they are close together, molecules attract one another slightly. As a result, are gas pressures higher or lower 
than expected from the ideal gas law? 


(a) Find the relative humidity of air at 20°C whose water vapor density is 8 g/m>. (b) What is its dew point? 

Air at 25°C has a dew point of 15°C. What is its relative humidity? 

Find the mass of the propane molecule C3Hg and that of the glucose molecule C6H)2O¢. 

The atomic mass of copper is 63.54 u. Find the number of atoms present in 100 g of copper. 

A gas sample at 0°C is heated until the average energy of its molecules doubles. What is its new temperature? 

A gas sample at 0°C is heated until the average velocity of its molecules doubles. What is its new temperature? 

At room temperature oxygen molecules have an average velocity of about 1000 mi/h. (a) What is the average velocity 
of hydrogen molecules, whose mass is one-sixteenth that of oxygen molecules, at this temperature? (b) What is the 


average velocity of sulfur dioxide molecules, whose mass is twice that of oxygen molecules, at this temperature? 


Mercury is a gas at 500°C. (a) What is the average energy of mercury atoms at this temperature? (b) What is the 
average velocity of mercury atoms at this temperature? The mass of a mercury atom is 3.3 x 10~”° kg. 
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20.12. 


20.13. 


20.14. 


20.15. 


20.16. 


20.17. 


20.18. 


20.19. 


20.20. 


20.21. 


20.22. 


20.1. 


20.2. 


20.3. 


20.4. 


20.5. 


20.6. 


20.7. 


20.1. 


20.2. 


20.3. 


How many moles are present in 120 kg of boric acid (H3BO3)? The atomic mass of boron is 10.82 u. 
(a) Find the mass of 80 mol of sulfuric acid (H2SO,). (b) How many oxygen atoms are present? 


(a) What volume does 8.2 mol of fluorine (F,) occupy at STP? (b) What volume does it occupy at 40°C and a 
pressure of 2.5 atm? 


(a) What volume does 5 g of methane (CH,) occupy at STP? (b) What volume does it occupy at 0°C and a pressure 
of 0.5 atm? (c) What volume does it occupy at 80°C and a pressure of 2 atm? 


(a) What volume does 20 g of CO, occupy at STP? (b) What volume does it occupy at —20°C and a pressure of 4 
atm? 


What is the mass of 4 L of ammonia (NH;3) at STP? 


(a) Find the mass of 12 L of chlorine (Cl,) at 40°C and 0.8 atm of pressure. (b) What is its density under those 
conditions? 


A balloon is filled with 50 m? (5 x 104 L) of hydrogen at STP. What is the mass of the hydrogen? 
Find the density of sulfur dioxide (SO2) at STP. 
Find the density of nitrogen (N2) at 120°C and a pressure of 66,600 Pa. 


One liter of an unknown gas has a mass of 2.9 g at STP. Find its molecular mass. 


Answers to Multiple-Choice Questions 


(a) 20.8. (a), (c) 
(b) 20.9. (c) 
(d) 20.10. (a) 
(a) 20.11. (b) 
(c) 20.12. (b) 
(b) 20.13. (b) 


(d) 


Answers to Supplementary Problems 


The pressure decreases partly because the gas molecules now must travel farther between impacts on the container 
walls and partly because these impacts are now distributed over a larger area. 


The pressure increases partly because the gas molecules move faster than before and therefore strike the walls more 
often and partly because each impact yields a greater force than before. 


Lower 
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20.4. 


20.5. 


20.6. 


20.7. 


20.8. 


20.9. 


20.10. 


20.11. 


20.12. 


20.13. 


20.14. 


20.15. 


20.16. 


20.17. 


20.18. 


20.19. 


20.20. 


20.21. 


20.22. 
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(a) 46 percent (b) 7C 

56 percent 

7.32 x 10° kg; 2.99 x 10° kg 
9.48 x 1073 atoms 

213°C 

819°C 

(a) 4000 mi/h (b) 707 mi/h 
(a) 16x10-*%J (b) 311 m/s 
1940 mol 

(a) 7.85 kg (b) 1.93 x 1076 atoms 
(a) 184 L (b) 844 L 


(a) 6.98 L (c) 4.51 L 
(b) 13.96 L 


(a) 102L  (b) 236 L 
3.04 g 

(a) 265g (b) 2.21 g/L =2.21 kg/m? 
4.5 kg 

2.86 g/L = 2.86 kg/m? 

0.571 kg/m? 


65 u 
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Thermodynamics 


FIRST LAW OF THERMODYNAMICS 


Converting internal energy to mechanical energy is much more difficult than the reverse, and perfect efficiency is 
impossible. A heat engine is a device or system that can perform this conversion; the human body and the earth’s 
atmosphere are heat engines, as are gasoline and diesel motors, aircraft jet engines, and steam turbines. All heat 
engines operate by absorbing heat from a reservoir of some kind at a high temperature, performing work, and 
then giving off heat to a reservoir of some kind at a lower temperature (Fig. 21-1). 


High-temperature reservoir 


qT 
Heat QO; 
input 
Heat Work 
engine output 
Heat O> 
exhaust 


Low-temperature reservoir 


Fig. 21-1 


Two general principles apply to all heat engines. The first law of thermodynamics is an expression of the 
principle of conservation of energy. According to this law, in any process that a system of some kind (such as a 
heat engine) undergoes, we have 


Q=AU+4+W 
Net heat input = change in internal energy + net work output 


Here Q is the net heat added to the system during the process; if the system gives off heat, Q is negative. When 
the internal energy of the system U increases, AU is positive; when U decreases, AU is negative. The net work 
done by the system during the process is W; if work is done on the system, W is negative. 
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If the system is a heat engine that operates in a cycle, energy may be stored and released from storage, but 
the engine does not undergo a net change in its internal energy during each cycle. In this case 


Net heat input = Net work output 


The net heat input is the amount of heat Q, the engine takes in from the high-temperature reservoir minus the 
amount of heat Q, the engine gives off to the low-temperature reservoir, as in Fig. 21-1, so that 


Q:—-Q.=W 


WORK DONE BY AND ON A GAS 


The work output of most heat engines is produced by an expanding gas. If the volume of the gas changes from 
V, to V2 at the constant pressure p, the work done is 


W = p(V2 — Vi) Pp = constant 


If the gas is compressed rather than expanded, V> is less than V; and W is negative. This means that work is 
done on the gas during a compression. In the p-V (pressure-volume) diagram of Fig. 21-2 the expansion of a gas 
at constant pressure appears as a horizontal line from V; to V2. The area under the line is equal to p(V2 — Vi) 
and so equals the work W done in the expansion. If the gas pressure varies during the expansion, the expansion 
appears as a curved line on a p-V diagram, as in Fig. 21-3. We can imagine the region under the curve as divided 
into thin strips, each corresponding to a small expansion at a different constant pressure so that the total area 
under the curve equals the work done in this situation also. 


Pressure 
Pressure 


Vv V, 


Fig. 21-2 Fig. 21-3 


Three important kinds of expansion and comparison that can occur in a gas are as follows: 


An isobaric process is one that takes place at constant pressure. 


2. An isothermal process is one that takes place at constant temperature. The expansions and compressions 
of a gas in a container that is surrounded by a constant-temperature heat reservoir are approximately 
isothermal. 


3. An adiabatic process is one that takes place in a system so isolated from its surroundings that heat neither 
enters nor leaves the system during the process. Most rapid thermodynamic processes are approximately 
adiabatic because heat transfer takes time and a rapid process may be completed before much heat has 
passed through the walls of the system. 


SOLVED PROBLEM 21.1 


Show that the work done by a gas expanding at the constant pressure p from V; to V2 is given by 
W = p(V2 — Vi). 
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Figure 21-4 shows a gas-filled cylinder with a movable piston. The cross-sectional area of the cylinder is A, 
and the gas pressure is p. Since p = F’/A, the force the gas exerts on the piston is 


F=pA 
The work done by the gas in moving the piston through the distance As is 
W = (force)(distance) = F As = pA As 
But A As is the change AV = V, — V, in the volume of the gas, so 


W = p(v2 — Vi) 


AV=A As 


Pressure = p 


Fig. 21-4 


SOLVED PROBLEM 21.2 


A gas expands by 1.2 L at a constant pressure of 2.5 bar. During the expansion 500 J of heat is added. 
Find the change in the internal energy of the gas. 


From Q = AU + W we have 
AU=Q-W 


Here W = p(V>— V,) since the expansion is isobaric. Since p = (2.5 bar) (10° Pa/bar) = 2.5 x 10° Paand V3 — V,; = 
(1.2 L)/(10? L/m3) = 1.2 x 1073 m’, we have 


AU = QO — p(V2 — V,) = 500 J — (2.5 x 10° Pa)(1.2 x 1073 m3) = 500 J — 300 J = 200 J 


SOLVED PROBLEM 21.3 


A sample of gas expands from V, to V2. Is the work done by the gas greatest when the expansion is 
(a) isobaric, (b) isothermal, or (c) adiabatic? How does the temperature vary during each expansion? 


(a) At the constant pressure p the work done is p(V2 — V,) and is the greatest of the three expansions. The 
temperature must increase during the expansion in order to maintain the pressure constant despite the increase 
in volume. 


(b) Since pV/T = constant, during an expansion at constant temperature the pressure must drop as V increases, 
and the work done is accordingly less than in (a). 


(c) In an adiabatic expansion the temperature must drop since all the work done is at the expense of the internal 
energy of the gas. The final pressure is therefore lower than in (a) or (b), and the least amount of work is done. 
See Fig. 21-5. 
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4 Isobaric (p = constant) 


Isothermal (7 = constant) 


Pressure 


Adiabatic 
(Q=0) 


Volume 
Fig. 21-5 
SOLVED PROBLEM 21.4 


At 100°C and atmospheric pressure the heat of vaporization of steam is L, = 2260 kJ/kg, the density of 
water is 10° kg/m*, and the density of steam is 0.6 kg/m*. What proportion of L, represents work done 
to expand water into steam against the pressure of the atmosphere? 


The volumes of 1 kg of water and 1 kg of steam at 100°C and atmospheric pressure are, respectively, 


m 1lkg 3 
Vovater = = ——_ = 0.001 m 
aise 10° kg/m? 
1k 
Vsteam = ” <= eS = 1.667 m? 


deteam 0.6 kg/m3 


Atmospheric pressure is p = 1.013 x 10° Pa. Hence the work done in the expansion is 


W = p(Veteam — Vwater) = (1.013 x 10° Pa)(1.667 — 0.001) m? = 1.69 x 10° J = 169 kJ 
This is 


W 169 kJ 


L,  2260kJ 


= 0.075 = 7.5% 


of the heat of vaporization of water. The remainder of the heat of vaporization goes into pulling the water molecules 
apart to create a gas from a liquid and so becomes internal energy of the steam. 


SOLVED PROBLEM 21.5 


Show that the power output of each cylinder of a reciprocating engine of any kind (steam, gasoline, diesel) 
is given by the formula P. = pL An, where 


p = average pressure on piston during each power stroke 
L = length of piston travel 
A = cross-sectional area of piston 


n = number of power strokes per second 


In general, P = F's/t. Here F is the force exerted on the piston during each power stroke by the pressure p, so 


since p = F/A, F = pA. The distance traveled by the piston per power stroke is L, and the distance it covers per 
second is therefore s/t = Ln. Hence 


Fs 
P= os pLAn 
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SOLVED PROBLEM 21.6 


The four-cylinder, four-stroke diesel engine of a car develops 60 kW at 2600 rev/min. The pistons of this 
engine are 100 mm in diameter, and they travel 130 mm. Find the average pressure on the pistons during 
each power stroke. 


The area of each piston is 
a 0.1 m)? 
fat. MOE _poomse 
4 4 
In a four-stroke engine a power stroke occurs in each cylinder once every 2 rev, so there are 1300 power strokes 
per minute or 1300/60 = 21.7 strokes per second. Because the engine has four cylinders, its total power output is 


P=4P. = 4pLAn and 
P 60 x 10° W 


= = = 6.8 x 10° Pa=6.8b 
ian OQOMOMWSmCL I) orb 


P 


SECOND LAW OF THERMODYNAMICS 


Internal energy resides in the kinetic energies of randomly moving atoms and molecules, whereas the output of a 
heat engine appears in the ordered motions of a piston or a wheel. Since all physical systems in the universe tend 
to go in the opposite direction, from order to disorder, no heat engine can completely convert heat to mechanical 
energy or, in general, to work. This fundamental principle leads to the second law of thermodynamics: It is 
impossible to construct a continuously operating engine that takes heat from a source and performs an exactly 
equivalent amount of work. 

Because some of the heat input to a heat engine must be wasted and because heat flows from a hot reservoir 
to a cold one, every heat engine must have a low-temperature reservoir for exhaust heat to go to as well as a 
high-temperature reservoir from which the input heat is to come, as in Fig. 21-1. 


CARNOT ENGINE 


An ideal heat engine is one in which every process that occurs is reversible without any loss of energy. Such an 
engine is not subject to such practical mechanisms of energy loss as friction and heat conduction to the outside 
world. An example of an ideal heat engine is the imaginary Carnot engine which consists of a cylinder filled 


oy) oo! 


T Ty 
High-temperature Low-temperature 
reservoir reservoir 
P P P Pp 
a Q) a 
b b 
d d 
c c 
Q 
Vv v 2 >vV »V 
Isothermal Adiabatic Isothermal Adiabatic 
expansion expansion compression compression 
at Ty at T2 


Fig. 21-6. (Top portion from Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of 
Pearson Education, Inc.) 
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with an ideal gas that has a movable piston at one end. Figure 21-6 shows the four stages in the operation of a 
Carnot engine. The engine does work during the two expansions, and work is done on the engine during the two 
compressions; the net work done per cycle is the area enclosed by the curve. 

A Carnot engine is the most efficient engine that can operate between the temperatures 7; and 7, at which 
heat is absorbed and exhausted. If heat Q, is absorbed at the absolute temperature 7, and heat Q> is given off at 
the absolute temperature 7>, then Q;/Q 2 = 7,/T> in such an engine. Its efficiency is therefore 


work output W = Qi—Q> _ QO 1 Ty 


heatinput QO, QQ» QO; ~ T, 


Efficiency (ideal) = 


The smaller the ratio between 7 and 7), the more efficient the engine. Because no reservoir can exist at a 
temperature of 0 K or O°R, which is absolute zero, no heat engine can be 100 percent efficient. 


SOLVED PROBLEM 21.7 
The Carnot engine uses only isothermal and adiabatic processes in its operating cycle. Why? 


An engine has maximum efficiency when all the processes that occur in its operation are reversible without the 
performance of work, since any other processes must necessarily involve the waste of energy. Heat flow from a hot 
reservoir to a cooler one is not reversible in this sense because the natural direction of heat flow is from hot to cold 
(in fact, this is an alternate statement of the second law of thermodynamics). However, in an isothermal process, the 
heat flow occurs at a constant temperature, so the process can be reversed without any work being lost. An adiabatic 
process is also reversible in the same sense because no heat enters or leaves a system during such a process. Hence 
an engine that uses only isothermal and adiabatic processes is the most efficient possible. 


SOLVED PROBLEM 21.8 


A 1-MW (10°-W) generating plant has an overall efficiency of 40 percent. How much fuel oil whose heat 
of combustion is 45 MJ/kg does the plant burn each day? 


In 1 day the plant produces 
W = Pt = (10° W)(3600 s/h) (24 h/day) = 8.64 x 10'° J 


of electric energy. Since its efficiency is 0.4 and Eff = work output/heat input, we have 


koutput 8.64 x 10!°J 
hati = 2 = 2.16 x 10! J 
Eff 04 


The mass of fuel required to supply this amount of heat is 


2.16 x 10! J 


= ~~ 48x 10° kg 
45 x 10° J/kg 


m 


SOLVED PROBLEM 21.9 


A Carnot engine absorbs | MJ of heat from a reservoir at 300°C and exhausts heat to a reservoir at 150°C. 
Find the work it does. 


The intake and exhaust temperatures are, respectively, 7; = 300°C + 273 = 573 K and T, = 150°C + 273 = 
423 K. The engine efficiency is 


T 423K _ 
T, 573K 


1 — 0.74 = 0.26 


and so the work done is 


W = (Eff)(heat intake) = (0.26)(10° J) = 2.6 x 10°J 
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SOLVED PROBLEM 21.10 


Three designs are proposed for an engine that is to operate between 500 and 300 K. Design A is claimed 
to produce 750 J of work per kilojoule of heat input, B is claimed to produce 500 J, and C is claimed to 
produce 250 J. Which design would you choose? 
The efficiency of an ideal engine operating between T; = 500 K and T, = 300 K is 
Tr 300 K 
Eff = 1—- — =1-— —_ = 0.40=4 

7; 500 K SOs 

The claimed efficiencies of the proposed engines are 


work output —  750J 


Eff (A) = : = = 0.75 = 75% 
heat input 1000 J 
500 J 
Eff (B) = —— =0.50= 
®) 1000 J ve 
250 J 
Eff = — = 0.25 =2 
(C) 1000 J 0.25 5% 


Both A and B claim efficiencies greater than that of an ideal engine and hence could not possibly work as stated. 
Design C is therefore the only possible choice. 


SOLVED PROBLEM 21.11 


A steam engine is being planned that is to use steam at 400°F and whose efficiency is to be 20 percent. 
Find the maximum temperature at which the spent steam can emerge. 


The intake temperature is T; = 400°F + 460° = 860°R. We proceed as follows: 


T. ve 
Eff-1— 2 2 —-1-Eff 
ig i, 


T) = T,(1 — Eff) = (860°R)(1 — 0.20) = 688°R 


The maximum exhaust temperature is therefore T, = 688°R — 460° = 228°F. 


INTERNAL COMBUSTION ENGINES 


An internal combustion engine is relatively efficient because it generates the input heat within the engine itself. 
The operating cycle of a four-stroke gasoline engine is shown in Fig. 21-7. In the intake stroke, a mixture of 


To 


Intake From exhaust Exhaust 
valve oo carburetor 
= 
SEG SEG 
ie (a(— 2 A 
Intake Compression Power Exhaust 
stroke stroke stroke stroke 


Fig. 21-7. (From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw- 
Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 
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gasoline vapor and air from the carburetor is sucked into the cylinder through the intake valve as the piston 
moves downward. In the compression stroke, both valves are closed and the fuel-air mixture is compressed to 1/7 
or 1/8 of its original volume. At the top of the stroke the spark plug is fired, which ignites the fuel-air mixture. 
Gases from the burning fuel expand and force the piston downward in the power stroke. Finally the piston moves 
upward again to push the waste gases out through the exhaust valve. 

In a diesel engine, only air is drawn into the cylinder in the intake stroke. At the end of the compression 
stroke, diesel fuel is injected into the cylinder and is ignited by the high temperature of the compressed air. No 
spark plug is needed. Diesel engines are more efficient but also heavier and more expensive than gasoline engines. 


SOLVED PROBLEM 21.12 
Describe the operating cycle of a gasoline engine with the help of a p-V diagram. 
In Fig. 21-8 the events that occur during each cycle of the engine are as follows: 
ab: intake of fuel-air mixture 
bc: compression stroke 
cd: ignition of fuel-air mixture; the heat Q, is released into the cylinder 
de: power stroke 
e: exhaust valve opens, which starts the release of the waste heat Q> 


ba: exhaust stroke 


Pa 


Q) 


Vv 


Fig. 21-8. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 


REFRIGERATION 


A refrigerator is a heat engine that operates backward to extract heat from a low-temperature reservoir and 
transfer it to a high-temperature reservoir (Fig. 21-9). Because the natural tendency of heat is to flow from a hot 
region to a cold one, energy must be provided to a refrigerator to reverse the flow, and this energy adds to the 
heat exhausted by the refrigerator. 

Figure 21-10 shows a refrigerator whose working substance is an easily liquified gas called a refrigerant. 
The operation of this refrigeration system proceeds as follows: 


1. The compressor, usually driven by an electric motor (or by the car engine in the case of an automotive 
air conditioner), brings the refrigerant to a high pressure, which raises its temperature as well. 


2. The hot refrigerant passes through the condenser, an array of thin tubes that give off heat from the 
refrigerant to the atmosphere. The condenser is on the back of most household refrigerators. As it cools, 
the refrigerant becomes a liquid under high pressure. 
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High-temperature reservoir Expansion valve 


Ty 


Heat 
exhaust Q) 


Refrigerator 


Heat 
input Q) 


Refrigerant vapor 


Compressor 
T EE Refrigerant liquid 
1 
Low-temperature reservoir Fig. 21-10. (From Modern Technical Physics, 6th Ed., Arthur 
Beiser, ©1992. Reprinted by permission of Pearson Education, 
Fig. 21-9 Inc.) 


3. The liquid refrigerant now goes into the expansion valve, from which it emerges at a lower pressure and 
temperature. 


4. In the evaporator the cool liquid refrigerant absorbs heat from the storage chamber and vaporizes. 
Farther along in the evaporator the refrigerant vapor absorbs more heat and becomes warmer. The warm 
vapor then goes back to the compressor to start another cycle. 


In Step 4 of this cycle, heat is extracted from the storage chamber by the refrigerant. In Step 1, work 
is done on the refrigerant by the compressor. In Step 2, heat from the refrigerant leaves the system. A re- 
frigerator might remove two or more times as much heat from its storage chamber as the amount of work 
done. 

If arefrigerator absorbs heat Q, at the absolute temperature T; and ejects heat Q> at the absolute temperature 
Th, its coefficient of performance (CP) is given by 


ea heatabsorbed Q,; Q) 
~  workdone W  Q.—Q; 


In an ideal refrigerator, which is a Carnot engine run backward, Q,/Q. = T,/T> and 


T, 
T, —T; 


CP(ideal) = 
SOLVED PROBLEM 21.13 


In an effort to cool a kitchen during the summer, the refrigerator door is left open and the kitchen’s door 
and windows are closed. What will happen? 


Since no refrigerator can be completely efficient, more heat is exhausted by the refrigerator into the kitchen 
than is extracted from the kitchen. The net effect, then, is to increase the kitchen’s temperature. 


SOLVED PROBLEM 21.14 


A 1-kW refrigerator whose coefficient of performance is 2.0 takes heat from a freezer compartment at 
—20°C and exhausts it at 40°C. How does its CP compare with that of an ideal refrigerator? 
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Here JT, = —20°C + 273 = 253 K and T, = 40°C + 273 = 313 K. The CP of an ideal refrigerator operating 
between these temperatures is 


T, 253K 


CP = = = 
In-T, 313 K—253K 


4.2 


The actual refrigerator is 2.0/4.2 = 0.48 = 48 percent as efficient as the ideal refrigerator. 


SOLVED PROBLEM 21.15 
At what rate does the refrigerator of Prob. 21.14 remove heat from the freezer compartment? 


Since P = W/t and Q; = (CP)(W), 


Qi W 
= =) (=) = (CP)(P) = (2.0)(1 kW) = 2kW 


For every joule of energy supplied to the refrigerator, it removes 2 J of heat from the freezer compartment. 


SOLVED PROBLEM 21.16 


A refrigerator which is half as efficient as an ideal refrigerator extracts heat from a storage chamber at 
O°F and exhausts it at 100°F. How many foot-pounds of work per Btu extracted does this refrigerator 
require? 


We begin by finding the coefficient of performance of the ideal refrigerator. Since 
T, = 0°F = 460° = 460°R T, = 100°F + 460° = 560°R 


Oo bh _ 560°R _ 
W Hh—T, 560°R—460°R — 


5.6 


Here Q, = 1 Btu and, since | Btu = 778 ft-lb, 


Q; _ 778 ft-lb 


= 139 ft-lb 
5.6 5.6 a 


This refrigerator is half as efficient as an ideal refrigerator, so the required work per Btu is twice as great, or 278 ft-1b. 


SOLVED PROBLEM 21.17 


The British unit of refrigeration capacity is the ton, which is that rate of heat extraction that can freeze 1 
ton of water at 32°F to ice at 32°F per day. Since the heat of fusion of water is 144 Btu/Ib, 


1 refrigeration ton = 12,000 Btu/h 


The refrigerator of Prob. 21.16 has a capacity of 2 tons. How much power is required to operate its 
compressor? 


Since the refrigerator requires 278 ft-lb of work per Btu of heat extracted, 


pa” = Oisis (122000 |) (org I ) ~ 1853 ferbs 
=p ee ns tae Buu ) \ 3600 s/h) . 


In terms of horsepower, 


1853 ft-Ib/s 


= S897 h 
550 (ft lb/s) /hp P 
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21.1. 


21.2. 


21.3. 


21.4. 


21.5. 


21.6. 


21.7. 


21.8. 


21.9. 


Multiple-Choice Questions 


A heat engine takes in heat at one temperature and turns 


(a) all of it into work 

(b) some of it into work and rejects the rest at a lower temperature 
(c) some of it into work and rejects the rest at the same temperature 
(d) some of it into work and rejects the rest at a higher temperature 


A process that can be reversed without energy input from an outside source is one that takes place at constant 


(a) pressure (c) velocity 
(b) density (d) temperature 


In an adiabatic process in a system, 


(a) its temperature stays the same 
(b) its pressure stays the same 

(c) no heat enters or leaves it 

(d) no work is done by or on it 


Without work being done on it, a gas cannot be 


(a) compressed isobarically (c) compressed adiabatically 
(b) compressed isothermally (d) expanded adiabatically 


To be completely efficient (which is impossible), the exhaust temperature of a frictionless heat engine would have 
to be 


(a) OK 

(b) 273K 

(c) less than its intake temperature 
(d) the same as its intake temperature 


The Carnot cycle does not include an 


(a) isobaric expansion (c) adiabatic expansion 
(b) isothermal expansion (d) adiabatic compression 


The efficiency of a Carnot engine operating between the absolute temperatures T; and T> is 


(a) equal to 7/7, 

(b) 100% 

(c) the maximum possible between these temperatures 

(d) the same as that of an actual engine operating between these temperatures 


Which of the following engines is the most efficient? 


(a) gasoline engine (c) steam engine 
(b) diesel engine (d) Carnot engine 


The fuel in a diesel engine is ignited by 


(a) aspark plug 

(b) the hot air into which it is injected 

(c) being compressed until it is hot enough 

(d) exhaust gases left over from the previous cycle 
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The heat a refrigerator absorbs from its contents is 


(a) less than it gives off 

(b) the same amount it gives off 

(c) more than it gives off 

(d) any of the above, depending on its design 


Four kilojoules of heat is given off by a gas when it is compressed from 0.08 to 0.05 m? under a pressure of 200 kPa. 
The internal energy of the gas 


(a) decreases 

(b) is unchanged 

(c) increases 

(d) any of the above, depending on the initial and final temperatures 


A Carnot engine that absorbs heat at 300°C and exhausts heat at 100°C has an efficiency of 

(a) 33% (c) 65% 

(b) 35% (d) 67% 

If a Carnot engine absorbs 10 kJ of heat per cycle when it operates between 500 and 400 K, the work it does per 
cycle is 

(a) 2kJ (c) 8kJ 

(b) 2.5kJ (d) 10kJ 

To have an efficiency of 40 percent, a heat engine that exhausts heat at 350 K must absorb heat at no less than 

(a) 210K (c) 875K 

(b) 583K (d) 1038K 

The coefficient of performance of a refrigerator that gives off 3 J of heat for every joule of mechanical energy input is 


(a) 1 (c) 3 
(b) 2 (d) 4 


Supplementary Problems 


Why is it impossible for a ship to use the internal energy of seawater to operate its engine? 


One kilojoule of heat is added to a gas as it expands from 8 to 10 L at a constant pressure of 2 bar. What is the change 
in the internal energy of the gas? 


A 2400-hp diesel locomotive burns 160 gal/h of fuel. If the heat of combustion of the diesel oil used is 1.2 x 10° 
Btu/gal, find the efficiency of the engine. 


Steam enters a turbine engine at 550°C and emerges at 90°C. The engine has an actual overall efficiency of 35 percent. 
What percentage of its ideal efficiency is this? 


The six-cylinder, four-cycle gasoline engine of a car has pistons 3.4 in. in diameter whose stroke (length of travel) is 
4 in. If the mean effective pressure on the pistons during the power stroke is 70 lb/in.’, find the number of horsepower 
developed by the engine when it operates at 2000 rev/min. 


A four-cylinder, four-stroke diesel engine develops 100 kW at 66 rev/s. The pistons of the engine are 108 mm in 
diameter and their travel is 127 mm. Find the average pressure on the pistons during the power stroke. 
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21.7. 


21.8. 


21.9. 


21.10. 


21.11. 


21.12. 


21.13. 


21.14. 


21.15. 


21.16. 


21.1. 


21.2. 


21.3. 


21.4. 


21.5. 


21.6. 


21.7. 


21.8. 


21.1. 


21.2. 


A Carnot engine absorbs 200 kJ of heat at 500 K and exhausts 150 kJ. What is its exhaust temperature? 


A Carnot engine absorbs 1 MJ of heat at 327°C and exhausts heat to a reservoir at 127°C. How much work does 
it do? 


A Carnot engine whose efficiency is 35 percent absorbs heat at 500°C. What must its intake temperature be if its 
efficiency is to be 50 percent with the same exhaust temperature? 


A Carnot engine absorbs 500 Btu of heat at 500°F and performs | x 10° ft-Ib of work. What is its exhaust temperature? 
Three designs for a refrigerator to operate between —20 and 30°C are proposed. Design A is claimed to need 100 J 
of work per kilojoule of heat extracted, design B to need 200 J, and design C to need 300 J. Which design would 
you choose and why? 


Describe the operating cycle of a four-stroke diesel engine with the help of a p-V diagram. 


An ideal refrigerator extracts heat from a freezer at —20°C and exhausts it at 50°C. How many joules of heat are 
extracted per joule of work input? 


How much work must an ideal refrigerator perform to make 1| kg of ice at —10°C from 1 kg of water at 20°C when 
20°C is also its exhaust temperature? 


The energy efficiency ratio (EER) of a refrigerator or air conditioner is the ratio between the heat in Btu extracted per 
hour and the power in watts the machine uses. Find the relationship between EER and coefficient of performance. 


What horsepower rating is needed for the motor of a 5-ton air conditioner whose coefficient of performance is 2.5? 


Answers to Multiple-Choice Questions 


(b) 21.9. (b) 
(d) 21.10. (a) 
(c) 21.11. (c) 


(a), (b),(c) 21.12. (b) 


(a) 21.13. (a) 
(a) 21.14. (b) 
(c) 21.15. (b) 
(d) 


Answers to Supplementary Problems 


There would be no suitable low-temperature reservoir to absorb the waste heat from the engine. 


The internal energy increases by 600 J. 
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Q, 


as) 
> 


Q) 


Fig. 21-11 
21.3. 32 percent 
21.4. 63 percent 
21.5. 38.2 hp 


21.6. 651 kPa 


21.7. 375K 

21.8. 0.33 MJ 

21.9. 732°C 
21.10. 253°F 


21.11. A is more efficient than a Carnot refrigerator, and B has the same efficiency, so both are impossible as practical 
refrigerators. C is less efficient than a Carnot refrigerator and so might work as claimed. 


21.12. In Fig. 21-11 the events that occur during each cycle of the engine are as follows: ab, intake of air; bc, compression 
stroke; cd, fuel injection and burning; ce, power stroke; e, exhaust valve opens; ba, exhaust stroke. 


21.13. 4.6] 
21.14. SOkJ 
21.15. EER = 3.42(CP) 


21.16. 9.43 hp 


Heat Transfer 


CONDUCTION 


The three mechanisms by which heat can be transferred from one place to another are conduction, convection, 
and radiation. 

In conduction, heat is carried by means of collisions between rapidly moving molecules at the hot end of a 
body of matter and the slower molecules at the cold end. Some of the kinetic energy of the fast molecules passes 
to the slow molecules, and the result of successive collisions is a flow of heat through the body of matter. Solids, 
liquids, and gases all conduct heat. Conduction is poorest in gases because their molecules are relatively far apart 
and so interact less frequently than in solids and liquids. Metals are the best conductors of heat because some of 
their electrons are able to move about relatively freely and can travel past many atoms between collisions. 

The rate at which heat is conducted through a slab of a particular material is proportional to the area A of the 
slab and to the temperature difference AT between its sides and inversely proportional to the slab’s thickness d 
(Fig. 22-1). The amount of heat Q that flows through the slab in the time ¢ is given by 


i Q kA AT 
Rate of heat conduction = = — 7 


where k, the thermal conductivity of the material, is a measure of its ability to conduct heat. In SI, the correct 
unit of k is the W/(m-°C), but the kcal/(m-s-°C) is also often used. In the British system, the usual unit of k is the 
Btu/(ft?-h-°F/in,) since A is customarily expressed in square feet and d in inches. 


SOLVED PROBLEM 22.1 


The thermal conductivities of brick and pine wood are, respectively, 0.6 and 0.13 W/(m-°C). What 
thickness of brick has the same insulating ability as 5 cm of pine? 
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According to the formula for Q/t, when the ratio k/d is the same for the two materials, their insulating abilities 
will also be the same. Hence 


k ric 0.6 
iec= dpine = | —~ ) (5 cm) = 23 cm 
Kine 0.13 


SOLVED PROBLEM 22.2 


The thermal conductivity of ice is 5.2 x 10~* kcal/(m-s-°C). At what rate is heat lost by the water in a 
6-m by 10-m outdoor swimming pool covered by a layer of ice 1 cm thick if the water is at a temperature 
of 0°C and the surrounding air is at a temperature of — 10°C? 


Here A = (6 m)(10 m) = 60 m’, d = 0.01 m, and AT = 10°C. Hence 


2 ‘o 
eee (s2 x 19-4 al ) a uty o| = 31.2 kcal/s 
t d m-s-°C 0.01 m 
SOLVED PROBLEM 22.3 


The handle of a freezer door 5 in. thick is attached by two brass bolts ‘ in. in diameter that pass through 
the entire door and are secured on the inside by nuts. The interior of the freezer is maintained at O°F, and 
the room temperature is 65°F; the thermal conductivity of brass is 730 Btu/(ft?-h-°F/in.). Find the heat 
lost per hour through the bolts. 


The total cross-sectional area of the two bolts is 


0.125 in. 


DE) 6.805 10 He 
ak) Sa 


A = (2)(tr?) = 2)(a) ( 


and their length is d = 5 in. Since AT = 65°F, 


t d S in. 


Q_kAAT | (720 Btu ) [se x 10-4 ft?)(65°F) 
~ ~ ft?-h-°F/in. 


= 6.47 Btu/h 


THERMAL RESISTANCE 


The thermal resistance R of a layer of a material of thickness d and of thermal conductivity k is given by 


R=-— 
k 


thickness 
thermal conductivity 


Thermal resistance = 


The greater the value of R, the greater the resistance to the flow of heat. In British units, thermal resistance is given 
in ft?-°F/(Btu/h), but it is common for R-values to be stated without units. Thus an R-value of 1.5 ft?.°F/(Btu/h) 
would normally be given as just “R-1.5.” In terms of R, the rate of heat conduction is 

Q AAT 


t R 


An advantage of using thermal resistance is that the R-value for a sandwich consisting of two or more layers 
is just the sum of the R-values of the separate layers: 


R=Ri+Ro+R3+--- 
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SOLVED PROBLEM 22.4 


An icebox 3 ft by 3 ft by 2 ft is built of R-0.3 plywood on the inside and outside, with R—10 plastic foam 
insulation between the plywood layers. If the box is filled with ice at 32°F and the outside temperature 
is 85°F, how much ice melts per hour? 


The thermal resistance of the box walls is 
R=R,+R.+ R3 = 0.34 10+ 0.3 = 10.6 
The area of the box walls is 
A = (2)(3 f)3 ft) + (4)G fO2 ft) = 42 fr 
and the temperature difference is AT = 85°F — 32°F = 53°F. Hence the heat flow is 


Q AAT __ (42 ft’)(53°F) 
t  R — 10.6 f?-°F/(Btu/h) 


= 210 Btu/h 


The heat of fusion of water is 144 Btu/Ib, so the rate at which ice in the box melts is 


m  Q/t _ 210 Btu/h 


= = = 1.5 lb/h 
tL,  144Btuh 


CONVECTION 


In convection, heat is transferred from one place to another by the actual motion of a hot fluid. Convection is 
usually the chief mechanism of heat transfer in fluids. 

In natural convection, the buoyancy of a heated fluid leads to its motion. When a pan of water is heated on 
a stove, for instance, the hot water at the bottom expands slightly so that its density decreases. The buoyancy of 
this water causes it to rise to the surface while colder, denser water sinks to the bottom. In forced convection, 
a pump or blower is responsible for the motion of the heated fluid. An example is the cooling system of a car, 
in which water is circulated between the hot engine block and the radiator. In the radiator the convected heat is 
conducted through thin-walled metal tubes to the atmosphere. 

The rate Q/t at which a hot object transfers heat to a surrounding fluid by convection is approximately pro- 
portional to the area A of the object in contact with the fluid and to the temperature difference AT between them: 


Zana AT 


The convection coefficient 4 depends on the shape and orientation of the object and on the properties and state 
of motion of the fluid. For instance, h is greater for the upper surface of a horizontal plate than for its lower 
surface, and increases with the speed of the fluid in forced convection. 


SOLVED PROBLEM 22.5 


A spotlight has a 50-W bulb in a metal hood whose temperature is 60°C when the room temperature is 
20°C. If the 50-W bulb is replaced by a 75-W bulb, what is the new temperature of the hood? 


Because / and A are the same in both cases, 


(Q/t)) _ AN 

(Q/t)2 ATh 
When (Q/t); = 50 W, the temperature difference between the hood and the surrounding air is AT; = 60°C—20°C = 
40°C. When (Q/t)2 = 75 W, 


ar, = ar, (2/2 = (40°E) (Sa) = 60°C 
(Q/t)1 50 W 


Hence the new hood temperature is 20°C + 60°C = 80°C 
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SOLVED PROBLEM 22.6 


If a cup of coffee cools from 85 to 75°C in 2 min in a room at 20°C, how long will it take to cool from 
45 to 35° C? 


The average temperature difference between the coffee and the air in the first period of cooling is T; = 
80°C — 20°C = 60°C, and in the second period it is 7, = 40°C — 20°C = 20°C. Since T) = $Th, according to the 
solution of Prob. 22.5 (Q/t). = i(Q /t),, so the rate of cooling will be one-third as great. The coffee will therefore 
take (3)(2 min) = 6 min to cool from 45 to 35°C. 


RADIATION 


In radiation, energy is carried by the electromagnetic waves emitted by every object. Electromagnetic waves, of 
which light, radio waves, and X-rays are examples, travel at the velocity of light (3 x 10° m/s = 186,000 mi/s) 
and require no material medium for their passage. The better an object absorbs radiation, the better it emits 
radiation. A perfect absorber of radiation is called a blackbody, and it is accordingly the best radiator. 

The rate at which an object whose surface area is A and whose absolute temperature is T emits radiation is 
given by the Stefan-Boltzmann law: 

R= = =eoT* 
A 


The constant o (Greek letter sigma) has the value 5.67 x 10-8 W/(m?-K*). The emissi vity e has a value between 0 
(for a perfect reflector, hence a nonradiator) and | (for a blackbody), depending on the nature of the radiating 
surface. 

With increasing temperature, the predominant wavelength of the radiation emitted by a body decreases. 
Thus a hot body that glows red is cooler than one that glows bluish white since red light has a longer wavelength 
than blue light (see Chapter 30). A body at room temperature emits radiation that is chiefly in the infrared part 
of the spectrum, to which the eye is not sensitive. 


SOLVED PROBLEM 22.7 


If all objects radiate electromagnetic energy, why don’t the objects around us in everyday life grow colder 
and colder? 


Every object also absorbs electromagnetic energy from its surroundings, and if both object and surroundings are 
at the same temperature, energy is emitted and absorbed at the same rate. When an object is at a higher temperature 
than its surroundings and heat is not supplied to it, the object radiates more energy than it absorbs and cools down 
to the temperature of its surroundings. 


SOLVED PROBLEM 22.8 


If a red star and a white star radiate energy at the same rate, can they be the same size? If not, which must 
be the larger? 


The red star must be cooler than the white one, so if it is to radiate energy at the same rate, it must have a larger 
surface area and hence a larger size. 


SOLVED PROBLEM 22.9 


A copper ball 2 cm in radius is heated in a furnace to 400°C. If its emissivity is 0.3, at what rate does it 
radiate energy? 


The surface area of the ball is 
A = 4nr? = (4)(0.02 m)* = 0.005 m? 
and its absolute temperature is T = 400°C + 273 = 673 K. Hence 
P = eo AT* = (0.3)[5.67 x 107§ W/(m?-K*)](0.005 m?)(673 K)* = 1.74 W 
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SOLVED PROBLEM 22.10 
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The sun radiates energy at the rate of 6.5 x 10’ W/m? from its surface. Assuming that the sun radiates 


as a blackbody (which is approximately true), find its surface temperature. 


The emissivity of a blackbody is e = 1. From R = o T* we have 


a/R af 6.5 x 107 Wim? 
=e = x 10-8 W/(m?-K*) ia 


SOLVED PROBLEM 22.11 


22.1. 


22.2. 


22.3. 


22.4. 


22.5. 


In the operation of a thermograph, the radiation from each small area of a person’s skin is measured and 
shown by different shades of gray or by different colors in a thermogram. Because the skin over a tumor 
is warmer than elsewhere, thermograms are used in screening for various cancers. What is the percentage 


difference between the radiation rates from skin at 34 and 35°C? 


The emissivity of skin is the same at both temperatures, so R,/T;! = R)/T,'. Here T, = 34°C + 273 = 307K 


and T, = 35°C + 273 = 308 K. Hence 


Ry—R, _ T—T# _ (308 K)* — (307 K)* 


= 0.013 = 1.3% 
Ri T} (307 K)4 


which is large enough to detect. 


Multiple-Choice Questions 


Heat transfer by conduction occurs 


(a) only in liquids (c) only in liquids and solids 
(b) only in solids (d) in solids, liquids, and gases 


Heat transfer by convection occurs 


(a) only in liquids (c) only in liquids and gases 
(b) only in gases (d) in solids, liquids, and gases 


Radiation occurs 


(a) only from liquids 

(b) only from solids 

(c) only from liquids and solids 
(d) from solids, liquids, and gases 


Heat flows through a slab of some material at a rate that depends on which one or more of the following? 


(a) the thickness of the slab 

(b) the area of the slab 

(c) the specific heat capacity of the material 

(d) the temperature difference between the faces of the slab 


The temperature of an object that emits electromagnetic radiation must be 


(a) higher than 0°C 

(b) higher than 0 K 

(c) higher than that of its surroundings 
(d) high enough for it to glow 
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A concrete wall 6.0 m long, 3.5 m high, and 25 cm thick has a conductivity of 0.80 W/(m-°C). When the wall has 
an outside temperature of 5°C and an inside temperature of 20°C, heat flows through it at 


(a) 10W (c) 1.6kW 

(b) 1.0kW (d) 1.7kW 

Heat flows through a wooden board 30 mm thick at 0.0086 W/cm? when one of its sides is 20°C warmer than the 
other. The thermal conductivity of the wood is 

(a) 0.013 W/(m-°C) (c) 0.52 W/(m-°C) 

(b) 0.13 W/(m.-°C) (d) 0.78 W/(m-°C) 

Glass wool has a thermal conductivity of 0.30 Btu/(ft?-h-°F/in.). An R-3.0 layer of glass wool has a thickness of 
(a) lin. (c) 3in. 

(b) 0.9 in. (d) 10in. 


The temperature of the earth’s surface averages 15°C. If the earth were a blackbody, it would radiate energy at a rate of 


(a) 0.0029 Wim2 = (c)_-—- 288 W/m? 
(b) 251 Wim? (d) 390 W/m? 


The bare skin of a certain person is at an average temperature of 33°C in a room whose temperature is 20°C. 
If e = 1, the net rate at which the person loses energy by radiation is 

(a) 0.16 uwW/cm? (c) 50mW/cm? 

(b) 7.9 mW/em? (d) 79 Wiem? 

An iron bar at 200°C radiates energy at 50 W. At 250°C the same bar will radiate at 


(a) SSW (c) 75W 
(b) 63W  (d) 122W 


Supplementary Problems 


Outdoors in the winter, why does a piece of metal feel colder than a piece of wood? 
Why is it desirable to paint hot-water pipes with aluminum paint? 


An icebox whose walls consist of a 100-mm thickness of pine wood is to be replaced by a more modern one using 
glass wool insulation between pine inner and outer walls 12 mm thick. What thickness of glass wool will give the 
same degree of insulation as before? The thermal conductivities of pine and glass wool are, respectively, 0.13 and 
0.04 W/(m-°C). 


A yacht has an aluminum hull 5 mm thick whose underwater area is 100 m?. How much heat is conducted from the 
yacht’s interior to the water per hour if the interior is at a temperature of 20°C and the water is at 12°C? The thermal 
conductivity of aluminum is 205 W/(m-°C). 


How many Btu/day are conducted through a glass window 5 ft by 8 ft by 0.3 in. whose inner and outer faces are at 
the respective temperatures of 65 and 40°F? The thermal conductivity of glass is 5.5 Btu(ft?- h-°F/in.). 


A sheet of R—0.06 plasterboard is : in. thick. What is the thermal conductivity of plasterboard? 
A double-glazed window consists of two panes of glass separated by an airspace. To see why this is such a good 


idea, compute the thermal resistances of two 0.2-in. glass panes (a) when they are in contact and (b) when they are 
0.3 in. apart. The thermal conductivities of glass and air are, respectively, 5.5 and 0.17 Btu(ft?- h-°F/in.). 
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A 3-kg beef roast requires 13 min to be heated from 40 to 45°C in an oven maintained at 200°C. How long will the 
same roast take to be heated from 60 to 65°C in the same oven? 


A small hole leading into a cavity behaves as a blackbody because any radiation that falls on it is trapped inside by 
multiple reflections until it is absorbed. How many watts are radiated from a hole 1 cm in diameter in the wall of a 
furnace whose interior temperature is 650°C? 


A blackbody is at a temperature of 500°C. What should its temperature be in order that it radiates twice as much 


energy per second? 


Sunspots appear dark even though they are actually very hot (typically 5000 K) because the rest of the solar surface 
is even hotter (about 6000 K). Find the ratio between the radiation rates of a sunspot and the normal solar surface. 


Answers to Multiple-Choice Questions 


(d) 22.7. (b) 
(c) 22.8. (b) 
(d) 22.9. (d) 


(a), (b), (d) 22.10. (bd) 
(b) 22.11. (c) 


(b) 


Answers to Supplementary Problems 


Metals are much better conductors of heat than wood and therefore conduct heat away from the hand more rapidly. 


Such paint gives a finish that reflects most of the light that falls on it. Since a poor absorber of radiation is also a 
poor emitter of radiation, a pipe painted in this way radiates relatively little heat. 


23 mm 

118 GJ 

4.4 x10° Btu 

6.25 Btu/(ft?-h-°F/in.) 

(a) R-0.07 (b) R-4.18 
15 min 

3.23 W 

646°C 


Rgpot/ Rsun = 0.48 


Electricity 


ELECTRIC CHARGE 


Electric charge, like mass, is one of the basic properties of certain of the elementary particles of which all matter 
is composed. There are two kinds of charge, positive charge and negative charge. The positive charge in ordinary 
matter is carried by protons, the negative charge by electrons. Charges of the same sign repel each other, charges 
of opposite sign attract each other. 

The unit of charge is the coulomb (C). The charge of the proton is + 1.6 x 10~!° C, and the charge of the 
electron is —1.6 x 107!° C. All charges in nature occur in multiples of te = +1.6 x 107!° C. 

According to the principle of conservation of charge, the net electric charge in an isolated system always 
remains constant. (Net charge means the total positive charge minus the total negative charge.) When matter is 
created from energy, equal amounts of positive and negative charge always come into being, and when matter is 
converted to energy, equal amounts of positive and negative charge disappear. 


ATOMS AND IONS 


An atom of any element consists of a small, positively charged nucleus with a number of electrons some distance 
away. The nucleus is composed of protons (charge +e, mass = 1.673 x 10-7’ kg) and neutrons (uncharged, 
mass = 1.675 x 10-7’ kg). The number of protons in the nucleus is normally equal to the number of electrons 
around it, so the atom as a whole is electrically neutral. The forces between atoms that hold them together as 
solids and liquids are electric in origin. The mass of the electron is 9.1 x 1073! kg. 

Under certain circumstances an atom may lose one or more electrons and become a positive ion, or it may 
gain one or more electrons and become a negative ion. Many solids consist of positive and negative ions rather 
than of atoms or molecules. An example is ordinary table salt, which is made up of positive sodium ions (Na*) 
and negative chlorine ions (Cl~ ). Solutions of such solids in water also contain ions. Sparks, flames, and X-rays 
have the ability to ionize gases. Ions of opposite sign in a gas come together soon after being formed, and the 
excess electrons on the negative ions pass to the positive ones to form neutral molecules. A gas can be maintained 
in an ionized state by passing an electric current through it (as in a neon sign) or by bombarding it with X-rays 
or ultraviolet light (as in the upper atmosphere of the earth, where the radiation comes from the sun). 


COULOMB’S LAW 


The force one charge exerts on another is given by Coulomb’s law: 


Electric force = F = k —— 
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where gq, and q> are the magnitudes of the charges, r is the distance between them, and k is a constant whose 
value in free space is 


k = 9.0 x 10° N-m2/C? 


The value of k in air is slightly greater. The constant k is sometimes replaced by 


1 
k= 
Amr €q 


where é9, the permittivity of free space, has the value 
€9 = 8.85 x 107!? C7/(N-m’) 


(e is the Greek letter epsilon.) 


SOLVED PROBLEM 23.1 
An electric charge Q is placed on a metal object. How does the charge distribute itself on the object? 


Metals are good conductors of electricity, so the mutual repulsions of the individual charges that make up Q 
cause them to spread out over the object’s surface in order to be as far apart as possible. 


SOLVED PROBLEM 23.2 


(a) When two objects attract each other electrically, must both be charged? (b) When two objects repel 
each other electrically, must both be charged? 


(a) No. Acharged object can produce a separation of charge in a nearly uncharged object because atomic electrons 
can shift around to some extent even without leaving their parent atoms. Figure 23-1 shows how a comb that 
has been given a negative charge by being run through someone’s hair affects a small bit of paper. Electric 
forces vary inversely with distance. Hence the attraction between the comb and the adjacent positive charges 
in the paper is greater than the repulsion between the comb and the more distant negative charges. As a result, 
the paper moves toward the comb. Only a small amount of charge separation can occur in this way, and so only 
very light objects can be picked up; the charge separation in Fig. 23-1 is greatly exaggerated. 


(b) Yes. 


Fig. 23-1 


SOLVED PROBLEM 23.3 


An iron atom has 26 protons in its nucleus. (a) How many electrons does this atom contain? (b) How 
many electrons does the Fe*+ ion contain? 
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(a) Since a normal atom is electrically neutral, the number of negatively charged electrons it contains equals the 
number of positively charged protons in its nucleus. The iron atom therefore contains 26 electrons. 


(b) The symbol Fe** represents an iron atom that has a net charge of +3e, which means that it has lost three of its 
usual complement of electrons. The Fe** ion therefore contains 23 electrons. 


SOLVED PROBLEM 23.4 


A plastic ball has a charge of +107! C. (a) Does it contain an excess or a deficiency of electrons 
compared with its normal state of electrical neutrality? (b) How many such electrons are involved? 


(a) Since the plastic ball is positively charged, it has fewer electrons than are needed to balance the positive charge 
of its nuclear protons. 
(b) The charge on an electron is e = 1.6 x 107!° C. Hence 
10-2 -C 


Number of electrons = q = 6.25 x 10° electrons 
e 1.6 x 107!9 C/electron 


SOLVED PROBLEM 23.5 


What is the magnitude and direction of the force on a charge of +4 x 107° C that is 5 cm from a charge 
of +5 x 10-8 C? 


Since 5 cm = 5 x 107? m, we have from Coulomb’s law 


qq, _ (9 x 10° N-m?/ C?)(4 x 10° C)(5 x 10-8 C) | 


F=k 
r? (5 x 10-2? m)? 


7.2x10-4*N 


The force is directed away from the +5 x 107° C charge since both charges are positive. 


SOLVED PROBLEM 23.6 


Two charges, one of +5 x 10-7 C and the other of —2 x 1077 C, attract each other with a force of 100 N. 
How far apart are they? 


From Coulomb’s law we have 


{me < x 10° N-m2/C2)(5 x 10-7 C)(2 x 10-70) 
+ — — 
F 102. N 


= /90x 107 m=V9x 10-°m=3 x 10> m=3mm 


SOLVED PROBLEM 23.7 


Two charges repel each other with a force of 10~> N when they are 20 cm apart. (a) What is the force on 
each when they are 5 cm apart? (b) When they are 100 cm apart? 


(a) Since F is proportional to 1 /r?, the force increases when the charges are brought closer together to (20/5)* = 16 
times what it was before, namely, to 1.6 x 1074 N. 


(b) The force decreases when the charges are moved apart to (20/100)? = 0.04 times what it was before, namely, 
to4x 10°7N. 


SOLVED PROBLEM 23.8 


Under what circumstances, if any, is the gravitational attraction between two protons equal to their electric 
repulsion? 
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Since the proton mass is 1.67 x 107?’ kg, the gravitational force between two protons that are a distance r 
apart is 


Gm\my 


a _ (6.67 x 107'! N-m2/kg?)(1.67 x 10777 kg)? __ 1.86 x 10-4 iat 


r2 r2 r2 


The electric force between the protons is 


_ kag — OX 10° N-m7/C?)(1.6 x 107!° C)? _ 23x 10-78 7 


Faec = = = N-m* 
r2 r2 r2 


At every separation r, the electric force between the protons is greater than the gravitational force between them by 
a factor of more than 10°°; the forces are never equal. 


SOLVED PROBLEM 23.9 


A test charge of +1 x 10~° C is placed halfway between a charge of +5 x 107° C and a charge of 
+3 x 10~° C that are 20 cm apart (Fig. 23-2). Find the magnitude and direction of the force on the test 


charge. 
6 F, q F, 6 
10 cm | 10 cm | 
Fig. 23-2 


The force exerted on the test charge q by the charge q, is 


_ kqqi _ Ox 10° N-m*/C*)(1 x 107° C)(S x 107° C) 
ae an (0.1 m)? 


F =+44.5N 


This force is taken to be positive because it acts to the right. The force exerted by the charge q2 on q is 


_ kqqz _ 9 x 10? N-m*/C*)(1 x 107° C)3 x 10° C) 
ie (0.1 m)? 7 


Fy 2.7N 


This force is taken to be negative because it acts to the left. The net force on the test charge q is 
FH=F,/+h,=4+45N—-2.7N=41.8N 


and it acts to the right, that is, toward the +3 x 10~° C charge. 


ELECTRIC FIELD 


An electric field is a region of space in which a charge would be acted upon by an electric force. An electric field 
may be produced by one or more charges, and it may be uniform or it may vary in magnitude and/or direction 
from place to place. 

If a charge q at a certain point is acted on by the force F, the electric field E at that point is defined as the 
ratio between F and q: 


F 
E=-— 
q 
. force 
Electric field = 
charge 


Electric field is a vector quantity whose direction is that of the force on a positive charge. The unit of E is the 
newton per coulomb (N/C) or, more commonly, the equivalent unit volt per meter (V/m). 
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The advantage of knowing the electric field at some point is that we can at once establish the force on any 
charge g placed there, which is 


F= gE 


Force = (charge)(electric field) 


ELECTRIC FIELD LINES 


Field lines are a means of describing a force field, such as an electric field, by using imaginary lines to indicate 
the direction and magnitude of the field. The direction of an electric field line at any point is the direction in 
which a positive charge would move if placed there, and field lines are drawn close together where the field is 
strong and far apart where the field is weak (Fig. 23-3). 


Weak field 
= KC 
Pie 


\ | ; 
NA Le i 


SOLVED PROBLEM 23.10 


(a) What is the electric field a distance r from a charge g? (b) What is the electric field that acts on the 
electron in a hydrogen atom, which is 5.3 x 10~!! m from the proton that is the atom’s nucleus? 


(a) The force F that the charge g exerts on a test charge go when it is r away is F = kqqo/r?. From the definition 
of electric field, then, 


(b) Hereq=e=1.6~x 10-'° C, and so 


q _ (9x 10° N-m7/C?)(1.6 x 10-9 C) 


vn 
z= 5a =5.1« 10" Vin 


E=k 


SOLVED PROBLEM 23.11 


The electric field in a certain neon sign is 5000 V/m. (a) What force does this field exert on a neon ion 
of mass 3.3 x 10776 kg and charge +e? (b) What is the acceleration of the ion? 


(a) The force on the neon ion is 
F =qE =eE = (16x 10°” C)(5 x 10° Vim) = 8 x 10°! N 
(b) According to the second law of motion F' = ma, and so here 


F 8x 10-18 N 
pee ee = 2.4 x 10! m/s? 
m 3.3 x 10> kg 


CHAP. 23] ELECTRICITY 271 


SOLVED PROBLEM 23.12 


How strong an electric field is required to exert a force on a proton equal to its weight at sea level? 


The electric force on the proton is F = cE, and its weight is mg. Hence eE = mg, and 


1.67 x 107?’ kg) (9. e 
po 8)09.8 mis) _ 102 x 10-7 Vim 
e 1.6 x 10-2 C 


POTENTIAL DIFFERENCE 


The potential difference V between two points in an electric field is the amount of work needed to take a charge 
of 1 C from one of the points to the other. Thus 


Ww 
V=— 
q 
: F work 
Potential difference = 
charge 
The unit of potential difference is the volt (V): 
joule 
1 volt = | ———— 
coulomb 


The potential difference between two points in a uniform electric field E is equal to the product of EF and 
the distance s between the points in a direction parallel to E: 


V=Es 


Since an electric field is usually produced by applying a potential difference between two metal plates s apart, 
this equation is most useful in the form 

V 

E=— 

s 


. potential difference 
Electric field = 


distance 


A battery uses chemical reactions to produce a potential difference between its terminals; a generator uses 
electromagnetic induction (Chapter 28) for this purpose. 


SOLVED PROBLEM 23.13 


The potential difference between a certain thundercloud and the ground is 2 x 10° V. Find the energy 
dissipated when a charge of 5 C is transferred from the cloud to the ground in a lightning stroke. 


W=qV =(6C0(2x 10° V) =1x 10’J 


This is not a lot of energy; burning a cup of gasoline liberates more energy than this. 


SOLVED PROBLEM 23.14 
A potential difference of 20 V is applied across two parallel metal plates, and an electric field of 500 V/m 
is produced. How far apart are the plates? 


Since FE = V/s, here 


V 20 V 


i — =0.04m=4cm 
E500 V/m 
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SOLVED PROBLEM 23.15 


(a) What potential difference must be applied across two metal plates 15 cm apart if the electric field 
between them is 600 V/m? (b) What is the force on a charge of 10~!° C in this field? (c) How much 
kinetic energy will the charge have when it has moved through 5 cm in the field, starting from rest? 


(a) V = Es = (600 V/m)(0.15 m) = 90 V 
(b) F = qE = (10° ©)(600 V/m) = 6 x 10 °N 
(c) Since the KE of the charge is equal to the work done on it by the electric field when it travels 0.05 m, 


KE = W = Fs = (6x 10° N)(0.05 m) = 3 x 10°° J 


SOLVED PROBLEM 23.16 


What potential difference must be applied to produce an electric field that can accelerate an electron to a 
velocity of 10’ m/s? 


The kinetic energy of such an electron is 
KE = $mv* = (5)(9.1 x 1077! kg)(10’ m/s)” = 4.6 x 10717 J 


This KE is equal to the work W that must be done on the electron by the electric field, and so, since W = qV in 
general, we have here 


_ W_ KE _ 4.6 x 10-'7J 


V = = 
q e 16x 10-?C 


=2.9x 10? V=290V 


SOLVED PROBLEM 23.17 


23.1. 


23.2. 


A 12-V storage battery is being charged at the rate of 15 C/s. (a) How much power is being used to charge 
the battery? (b) How much energy is stored in the battery if it is charged at this rate for 1 h? 


(a) The work done to transfer the charge q from one set of the battery’s electrodes to the other set against the 
potential difference V is W = Vq. Since power is the rate at which work is being done, here 


Woy 
P=—= = = (12 V)(15 C/s) = 180 W 


(b) The work done int = 1 h = 3600 s is 
W = Pt = (180 W)(3600 s) = 6.48 x 10° J 


If the charging process is perfectly efficient, this amount of energy will be stored in the battery as a result. 


Multiple-Choice Questions 


Which one or more of the following statements is true? 


(a) All protons have the same charge. 

(b) Electrons and protons have equal masses. 

(c) Protons and neutrons have equal masses. 

(d) Atomic nuclei contain only protons and neutrons. 


Electric charge occurs only in separate parcels 


(a) of +1.6x 10-7" C 

(b) of L1C 

(c) whose value is proportional to the mass of the particle carrying the charge 
(d) that are different for positive and negative particles 
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23.3. 


23.4. 


23.5. 


23.6. 


23.7. 


23.8. 


23.9. 


23.10. 


23.11. 


23.12. 


The electric force between two protons 


(a) is weaker than the gravitational force between them 

(b) is equal to the gravitational force between them 

(c) is stronger than the gravitational force between them 

(d) any of the above, depending on the distance between the protons 


The electrons in an atom 


(a) are permanently bound to it 

(b) are some distance from the nucleus 
(c) have more mass than the nucleus 

(d) may have positive or negative charges 


The electric field at a point is equal in magnitude to 


(a) the number of electric field lines there 

(b) the electric charge there 

(c) the force a charge of 1 C would experience there 
(d) the force an electron would experience there 


The same potential difference is used to accelerate a proton and an electron. Afterward 


(a) the proton has the higher velocity 
(b) the electron has the higher velocity 
(c) the proton has more KE 

(d) the electron has more KE 


If 10° electrons are added to a neutral object, its charge will be 


(a) —16x10-*C (c) +1.6x 10-*C 
(b) —1.6 x 10-'*C (d) +1.6x 10-4 C 


When they are 80 mm apart, two charges attract each other with a force of 4.0 x 10~° N. When the same charges 
are 20 mm apart, the force between them is 


(a) 16x10-°°N  (c) 1.6x 10-5N 
(b) 8.0x10°°N  (d) 64x 10-5N 


Two charges of +2.0 x 10~° C that are 3.0 mm apart repel each other with a force of 


(a) 4x10°N  (c) 6x 103N 
(b) 4x103N  (d) 3.6x107N 


The force on a proton in an electric field of 1.0 kV/m is 


(a) 2.6x105N  (c) 16x 10-15N 
(b) 1.6x10-2N  (d) 63x 102N 


Ten millimeters from a certain charge its electric field is 10 kV/m. The magnitude of the field 20 mm from the 
charge is 


(a) 2.5kV/m  (c) 7.1 kV/m 
(b) 5.0kV/m  (d) 10kV/m 


An electric force of 1.0 x 107° N acts on a charge of 5.0 x 10~'° C that is between two parallel metal plates 4.0 mm 
apart. The potential difference between the plates is 


(a) 1.25x 10-2 V (ce): 80V 
(b) 32V (d) 16x10! Vv 
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The potential difference between a certain thundercloud and the ground is 4 MW. During a lightning stroke, 80 C 
of charge is transferred between the cloud and the ground. The energy dissipated during the stroke is 


(a) 5x10°J (cc) 3.2x107J 
(b) 2x 10°J (d) 3.2x 108J 


A storage battery is being charged at a rate of 75 W. If the potential difference across its terminals is 13.6 V, charge 
is being transferred between its plates at 


(a) 0.18 C/s (c) 5.5 C/s 
(b) 2.8C/s (d) 1020 C/s 


Supplementary Problems 


An oxygen atom has 8 protons in its nucleus. (a) How many electrons does this atom contain? (b) How many 
electrons does the 07 ion contain? 


What information is provided by a sketch of the field lines of an electric field? 
Why is it impossible for the field lines of an electric field to cross one another? 


A rod with a charge of +q at one end and —g at the other is placed in a uniform electric field whose direction is 
parallel to the rod. How does the rod behave? 


The rod of Prob. 23.4 is placed in a uniform electric field whose direction is perpendicular to the rod. How does the 
rod behave? 


A billion (10°) electrons are added to a neutral pith ball. What is its charge? 
What is the force between two +1-C charges located 1 m apart? 


What are the magnitude and direction of the force on a charge of +2 x 1077 C that is 0.3 m from a charge of 
—5 x 10°7C? 


Two electrons repel each other with a force of 10~* N. How far apart are they? 


Two charges attract each other with a force of 10° N when they are 1 cm apart. How far apart should they be for 
the force between them to be (a) 10~* N and (b) 10-8 N? 


A test charge of +2 x 107’ C is located 5 cm to the right of a charge of +1 x 107° C and 10 cm to the left of a 
charge of —1 x 10~° C. The three charges lie on a straight line. Find the force on the test charge. 


A charge of +1 x 1077 C and a charge of +3 x 1077 C are 40 cm apart. (a) Where should a charge of +g be placed 
on the line between these charges so that no net force acts on it? (b) Where should a charge of —q be so placed? 


How much force is exerted on a charge of 10~° C by an electric field of 50 V/m? 


An electron is present in an electric field of 10* V/m. (a) Find the force on the electron. (b) Find the electron’s 
acceleration. 


Two charges of +10~° C are located 1 cm apart. (a) What is the force on a charge of +10~* C halfway between 
them? (b) What is the force on a charge of —10~* C at the same place? (c) What must be true of the strength of the 
electric field halfway between the two +10~° -C charges? 


CHAP. 23] ELECTRICITY 275 


23.16. 


23.17. 


23.18. 


23.19. 


23.20. 


23.1. 


23.2. 


23.3. 


23.4. 


23.5. 


23.6. 


23.7. 
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A potential difference of 100 V is applied by a battery across a pair of metal plates 5 cm apart. (a) What is the 
electric field between the plates? (b) How much force does a charge of + 10~® C experience in this field? (c) How 
much kinetic energy does this charge acquire when it goes from the postive plate to the negative plate? 


A charge of —2 x 10~° C in an electric field between two parallel metal plates 4 cm apart is acted on by a force of 
10~* N. (a) What is the strength of the field? (b) What is the potential difference between the plates? 


A proton is accelerated by a potential difference of 15,000 V. What is its kinetic energy? 


A particle of charge 10~!? C starts to move from rest in an electric field of 500 V/m. (a) What is the force on the 
particle? (b) How much kinetic energy will it have when it has moved 1 cm in the field? 


When a certain 12-V storage battery is charged, a total of 10° C is transferred from one set of its electrodes to the 
other set. Find the energy stored in the battery. 


Answers to Multiple-Choice Questions 


(a), (d) 23.8. (d) 


(a) 23.9. (b) 
(c) 23.10. (c) 
(b) 23.11. (a) 
(c) 23.12. (c) 
(b) 23.13. (d) 
(b) 23.14. (c) 


Answers to Supplementary Problems 


(a) 8electrons (b) 10 electrons 
Such a sketch shows how the magnitude and direction of the field vary in space. At a given point, the direction of 
the field is given by the direction of the nearest lines of force, and the relative magnitude of the field is indicated by 


how close together the lines of force are in the vicinity of the point. 


By definition, a line of force represents the path a positively charged particle would follow in an electric field, and 
such a particle can travel in only one direction at any point. 


The force exerted by the field on the —q charge is equal and opposite to the force exerted on the +q charge, so the 
rod does not move since the two forces have the same line of action. 


The equal and opposite forces exerted on the charges now cause the rod to rotate until it is parallel to the electric 
field. 


—1.6x 10°C 
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9 x 10° N; repulsive 

10-? N directed toward the other charge 

1.5 x 107!°m 

(a) O.lm (b) 10cm 

0.9 N directed to the right 

(a) 14.6 cm from the charge of +1 x 1077 C (Db) 
5x 10°N 

(a) 16x 10°5N (b) 1.8 x 10 m/s? 

(a) 0 (b) 0 (c) E=0 

(a) 2000 V (b) 2x10°N (c) 10°) 
(a) 5x10*V/m = (b) 2000V 

2.4 x 1O-h J 

(a) 5x10-7°N (b) 5x10-?J 


1.2 x 10°J 


The same location 
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Electric Current 


ELECTRIC CURRENT 


A flow of charge from one place to another constitutes an electric current. An electric circuit is a closed path 
in which an electric current carries energy from a source (such as a battery or generator) to a load (such as a 
motor or a lamp). In such a circuit (see Fig. 24-1), electric current is assumed to go from the positive terminal of 
the battery (or generator) through the circuit and back to the negative terminal of the battery. The direction of a 
Current is conventionally considered to be that in which positive charge would have to move to produce the same 
effects as the actual current. Thus a current is always supposed to go from the positive terminal of a battery or 
generator to its negative terminal. 


wu, 


Battery 


+l 


Fig. 24-1 


A conductor is a substance through which charge can flow easily, and an insulator is one through which charge 
can flow only with great difficulty. Metals, many liquids, and plasmas (gases whose molecules are charged) are 
conductors; nonmetallic solids, certain liquids, and gases whose molecules are electrically neutral are insulators. 
A number of substances, called semiconductors, are intermediate in their ability to conduct charge. 

Electric currents in metal wires always consist of flows of electrons; such currents are assumed to occur in 
the direction opposite to that in which the electrons move. Since a positive charge going one way is for most 
purposes equivalent to a negative charge going the other way, this assumption makes no practical difference. 
Both positive and negative charges move when a current is present in a liquid or gaseous conductor. 

Tf an amount of charge q passes a given point in a conductor in the time interval ft, the current in the 


conductor is 
f= 
t 


. charge 
Electric current = ————_ 
time interval 
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The unit of electric current is the ampere (A), where 


coulomb 
1 ampere = | ———— 
second 


OHM’S LAW 


For a current to exist in a conductor, there must be a potential difference between its ends, just as a difference in 
height between source and outlet is necessary for a river current to exist. In the case of a metallic conductor, the 
current is proportional to the applied potential difference: Doubling V causes J to double, tripling V causes J to 
triple, and so forth. This relationship is known as Ohm’s law and is expressed in the form 


l=— 
R 


. potential difference 
Electric current = 


resistance 


The quantity R is a constant for a given conductor and is called its resistance. The unit of resistance is the ohm 
(<2), where 


volt 


1 ohm = 1 
ampere 
The greater the resistance of a conductor, the less the current that flows in it when a certain potential difference 
is applied. 
Ohm’s law is not a physical principle but is an experimental relationship that most metals obey over a wide 
range of values of V and /. 


SOLVED PROBLEM 24.1 
Since electric current is a flow of charge, why are two wires rather than a single one used to carry current? 


If a single wire were used, charge of one sign or the other (depending on the situation) would be permanently 
transferred from the source of current to the appliance at the far end of the wire. In a short time so much charge 
would have been transferred that the source would be unable to shift further charge against the repulsive force of 
the charge piled up at the appliance. Thus a single wire cannot carry a current continuously. The use of two wires, 
however, enables charge to be circulated from source to appliance and back, so that a continuous one-way flow of 
energy can take place. 


SOLVED PROBLEM 24.2 


Which solids are good electric conductors and which are good insulators? How well do these substances 
conduct heat? 


All metals are good electric conductors. All nonmetallic solids are good insulators, for instance, glass, wood, 
plastics, rubber. In general, solids that are good conductors of electricity are also good conductors of heat, and solids 
that are good electric insulators are poor conductors of heat. Metals are good conductors of heat and electricity because 
both are transferred through a metal by the freely moving electrons that are a characteristic feature of its structure. 


SOLVED PROBLEM 24.3 
A wire carries a current of | A. How many electrons pass any point in the wire each second? 


The electron charge is of magnitude e = 1.6 x 107! C, and so acurrent of 1 A = 1 C/s corresponds to a flow of 


1C/s 
1.6 x 107!° C/electron 


= 6.3 x 10!* electrons/s 
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SOLVED PROBLEM 24.4 


A 120-V toaster has a resistance of 12 (2. What must be the minimum rating of the fuse in the electric 
circuit to which the toaster is connected? 


The current in the toaster is 


so this must be the minimum rating of the fuse. 


SOLVED PROBLEM 24.5 


A 120-V electric heater draws a current of 25 A. What is its resistance? 


120 V 
jaa Sees 
I 25A 


SOLVED PROBLEM 24.6 


What potential difference must be applied across a 1200-Q resistor to produce a current of 0.05 A? 


V =1R = (0.05 A)(1200 2) = 60 V 


RESISTIVITY 


The resistance of a conductor that obeys Ohm’s law is given by 


R=p A 
where L is the length of the conductor, A is its cross-sectional area, and e (Greek letter rho), is the resistivity of 
the material of the conductor. In SI, the unit of resistivity is the ohm-meter. 
The resistivities of most materials vary with temperature. If R is the resistance of a conductor at a particular 
temperature, then the change in its resistance AR when the temperature changes by AT is approximately 
proportional to both R and AT so that 


AR =aR AT 


The quantity a is the temperature coefficient of resistance of the material. 


SOLVED PROBLEM 24.7 


A 20-m length of a certain wire has a resistance of 15 Q. What length of this wire would have a resistance 
of 8 Q2? 


The resistance R of a wire is directly proportional to its length L. This means that the ratio between the 
resistances R, and R of two wires of the same kind and the same cross-sectional area equals the ratio between their 
lengths L,; and Ly: 


Ri Ly 
Ry Ly 
Here we solve this equation for L» and find that 
Ry 8 Q 
Ly = — L) = —~ (20m) = 10.7m 


7 e ~ UES 
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SOLVED PROBLEM 24.8 


What is the resistance of a copper wire 0.5 mm in diameter and 20 m long? The resistivity of copper is 
1.7 x 10-8 Q-m. 


The wire’s cross-sectional area is mr?, where r = 0.25 mm = 2.5 x 10~*. Hence 


L_ (1.7.x 10-8 Q-m)(20 m) 


R= = 
PA (0) (2.5 x 10-4 m)? 


= 1.73 Q 


SOLVED PROBLEM 24.9 


A platinum wire 80 cm long is to have a resistance of 0.1 &2. What should its diameter be? The resistivity 
of platinum is 1.1 x 107’ Q-m. 


Since R = pL/A = pL/nr’, 


— fpk (1.1 x 10-7 em) (OP) ge 10-4 m= 0.53 
PN ak Gr)(0.1 2) Spee aes a 


The wire’s diameter should therefore be 2r = 1.06 mm. 


SOLVED PROBLEM 24.10 


An electric motor draws a current of 20 A from a 240-V power source 15 m away. What is the minimum 
cross-sectional area of the wire that can be used if the voltage at the motor is not to be lower than 230 V? 


The permissible voltage drop is 10 V, and the resistance that would give rise to this drop when the current is 
20 A is 
Vv 10 V 
R=—=—— =052 
I 20 A 
The total length of wire involved is twice the distance between the source and the motor, so L = (2)(15 m) = 30 m. 
Since R = pL/A, 


pL _ (1.7 x 10-* Q-m)(30 m) 


= 1.02 x 10~° m? = 1.02 mm” 
R 0.52 


A= 


SOLVED PROBLEM 24.11 


A copper wire has a resistance of 10.0 Q at 20°C. (a) What will its resistance be at 80°C? (b) At 0°C? 
The temperature coefficient of resistance of copper is 0.004/°C. 


(a) Here R = 10.0 Q and AT = 60°C. Hence the wire’s change in resistance is 
AR =a@R AT = (0.004/°C) (10.0 &2)(60°C) = 2.4 Q 


and the resistance at 80°C will be R+ AR = 12.4Q. 
(b) Here AT = 20°C, and so 


AR =aRAT = (0.004/°C)(10.0 2)(—20°C) = —0.8 & 


The resistance at 0°C willbe R+ AR=9.2Q. 


SOLVED PROBLEM 24.12 


A resistance thermometer makes use of the variation of the resistance of a conductor with temperature. If 
the resistance of such a thermometer with a platinum element is 5 Q at 20°C and 9 Q when it is inserted 
in a furnace, find the temperature of the furnace. The value of @ for platinum is 0.0036/°C. 
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Here R=5 Qand AR=9Q—5Q=4Q. Since AR =aR AT, 


AR _ 4Q 
aR (0.0036/°C)(5 Q) 
The temperature of the furnace is T + AT = 20°C + 222°C = 242°C. 


AT = 


= 222°C 


CIRCULAR MIL 


In engineering practice the unit of area of a round conductor is often the circular mil, or cmil. The mil is a unit 
of length equal to 0.001 in., which is oa in. A circular mil is a unit of area equal to the area of a circle whose 
diameter is | mil, as in Fig. 24-2. The area Agm in circular mils of a circle whose diameter in mils is D, is equal 


10.D2: 
Acm = De 


The advantage of using the circular mil as a unit of area is that it avoids multiplication and division by 2. When 
the length of a conductor is given in feet and its area in circular mils, the unit of resistivity is the ohm-cmil per 


foot. 
D=1 mil 
Fig. 24-2 
SOLVED PROBLEM 24.13 
The specific resistance of the copper used in electric wires is 10.4 Q2-cmil/ft. Find the resistance of 1500 ft 
of copper wire whose diameter is 0.080 in. 
Since 0.080 in. = 80 mils, 
Acm = D>, = (80)? emil = 6400 cmil 
and 
pa Ol (10.4 Q-emil/ft) (1500 fy ee 
A 6400 cmil 
SOLVED PROBLEM 24.14 


The specific resistance of Nichrome is 600 (2-cmil/ft. How long should a Nichrome wire 20 mils in 
diameter be for it to have a resistance of 5 2? 


The cross-sectional area of the wire is 
Acm = D?, = (20)? cmil = 400 cmil 


Next we solve for / and substitute p = 600 Q-cmil/ft, R = 5 Q, and A = 400 cmil to find the value of the length /: 


RA _ (5 2)(400 cmil) 


l= = 
p 600 Q2-cmil/ft 


= 333: ft 
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Table 24-1 


Known Quantities 


Unknown 
Quantity 


VR 


V= 
ic — 
R= 
P= 


ELECTRIC POWER 


The rate at which work is done to maintain an electric current is given by the product of the current J and the 
potential difference V: 


P=I1V 
Power = (current)(potential difference) 


When / is in amperes and V is in volts, P will be in watts. 
If the conductor or device through which a current passes obeys Ohm’s law, the power consumed may be 
expressed in the alternative forms 


y2 
P=IV=PR=— 
R 


Table 24.1 is a summary of the various formulas for potential difference V, current J, resistance R, and 
power P that follow from Ohm’s law J = V/R and from the power formula P = VJ. 


SOLVED PROBLEM 24.15 


The current through a 50- resistance is 2 A. How much power is dissipated as heat? 


P =I°R= (2 A)*(50 Q) = 200 W 


SOLVED PROBLEM 24.16 


A 2-kW water heater is to be connected to a 240-V power line whose circuit breaker is rated at 10 A. 
Will the breaker open when the heater is switched on? 


The heater draws a current of 
P 2000 W 1 
lf=—-—= = 8= 
V 240 V 3 


Since this current is less than 10 A, the breaker will not open. 


A 


SOLVED PROBLEM 24.17 


A generator driven by a diesel engine that develops 12 hp delivers 30 A at 240 V. What is the efficiency 
of the generator? 


Since | hp = 746 W and P= IV, 


Input power = (12 hp)(746 W/hp) = 8952 W 
Output power = (30 A)(240 V) = 7200 W 
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The efficiency of the generator is therefore 


output 7200 W 


Eff = — = 
input 8952 W 


= 0.80 = 80% 


SOLVED PROBLEM 24.18 


A 12-V storage battery is charged by a current of 20 A for | h. (a) How much power is required to charge 
the battery at this rate? (b) How much energy has been provided during the process? 


(a) P=IV = (20 A)(12 V) = 240 W 
(b) W = Pt = (240 W)(3600 s) = 8.64 x 10° J 
SOLVED PROBLEM 24.19 


The kilowatthour (kWh) is an energy unit equal to the energy delivered by a source whose power is | kW 
in | h of operation. How much energy in kilowatthours does a 240-V clothes dryer that draws 15 A use 
in 45 min of operation? 


The power of the dryer is 
P=TIV = (15 A)(240 V) = 3600 W = 3.6 kW 


and the time interval is 


— 45 min -~0.75h 
~ 60 minh 
Hence 
W = Pt = (3.6 kW)(0.75 h) = 2.7 kWh 
SOLVED PROBLEM 24.20 


The 12-V battery of a certain car has a capacity of 80 Ah, which means that it can furnish a current of 
80 A for 1 h, a current of 40 A for 2 h, and so forth. (a) How much energy is stored in the battery? (b) If 
the car’s lights require 60 W of Power, how long can the battery keep them lighted when the engine (and 
hence its generator) is not running? 


(a) The 80-Ah capacity of the battery is a way to express the amount of charge it can transfer from one of its 
terminals to the other. Here the amount of charge is 


q = (80 Ah) (3600 s/h) = 2.88 x 10° A-s = 2.88 x 10°C 
and so the energy the battery can provide is 
W =qV = (2.88 x 10° C)(12 V) = 3.46 x 10° J 
(b) Since P = W/t, 


W 3.46 x 10° J 


—= =5.8x 10*'s=16h 
P 60 W 
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Multiple-Choice Questions 


The same volume of copper can have any of the following combinations of length L and cross-sectional area A. 
Which combination has the most resistance? 


(a) Land A 

(b) L/2 and2A 

(c) 2L and A/2 

(d) All have the same resistance because the volume of copper is the same. 


The area in circular mils of a circle whose diameter is d mils is 


(a) d (c) ad 
(b) d? (d) md? 


A certain wire has the resistance R. Another wire, exactly the same except having twice the diameter, has the 
resistance 


(a) +R (c) 2R 
(b) 4R 


When a copper wire is heated, its resistance 


(a) decreases 

(b) remains the same 

(c) increases 

(d) any of the above, depending on the temperatures 


Which one or more of the following combinations of units is equal to the watt? 


(a) J/s (c) A?Q 
(b) WIA (dd) VWeQ 


The diameter of a wire whose cross-sectional area is 2500 cmil is 


(a) 0.016in. (c) 0.050 in. 
(b) 0.025in.  (d) 0.056 in. 


The resistivity of copper is 1.7 x 10-8 Q-m. The diameter of a 50-m length of copper wire whose resistance is 
1.2 Q is 


(a) 0.47 mm (c) 0.90 mm 
(b) 0.84 mm (d) 0.95 mm 


The resistance of a 120-V light bulb that draws a current of 1.25 A is 


(a) 9.82 (c) 962 
(b) 772 (d) 1502 


A 120-V appliance that draws a current of 20 A has a power rating of 
(a) OW (c) 24kW 
(b) 0.72kW (d) 48kW 


A light bulb rated at 240 V, 150 W is connected to a 120-V power line. The current that flows in it is 


(a) 0313A  (c) 125A 
(b) 0.625A  (d) 188A 
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24.11. 


24.12. 


24.13. 


24.1. 


24.2. 


24.3. 


24.4. 


24.5. 


24.6. 


24.7. 


24.8. 


24.9. 


24.10. 


24.11. 


24.12. 


24.13. 


A 115-V, 1-kW electric oven is mistakenly connected to a 230-V power line that has a 15-A fuse. The oven will 


(a) give off less than 1 kW of heat 
(b) give off 1 kW of heat 

(c) give off more than | kW of heat 
(d) blow the fuse 


A 230-V, 1-kW electric oven is mistakenly connected to a 115-V power line that also has a 15-A fuse. The oven will 


(a) give off less than 1 kW of heat 
(b) give off 1 kW of heat 

(c) give off more than 1 kW of heat 
(d) blow the fuse 


A fully charged 24-V, 100-Ah storage battery has an energy content of 


(a) 2.4kJ (c) 144kJ 
(b) 57.6kI  (d) 8.64MJ 


Supplementary Problems 


Bends in a pipe slow down the flow of water through it. Do bends in a wire increase its electric resistance? 
How many electrons pass through the filament of a 75-W, 120-V light bulb per second? 

Find the current in a 200-Q resistor when the potential difference across it is 40 V. 

An electric water heater draws 10 A of current from a 240-V power line. What is its resistance? 


The resistance of a 15-m length of iron wire whose cross-sectional area is 0.5 mm/ is found to be 3.6 &. What is 
the resistivity of iron? 


Find the resistance of 8 m of aluminum wire 0.1 mm in diameter. The resistivity of aluminum is 2.6 x 107° Q-m. 


How long should a copper wire 0.4 mm in diameter be for it to have a resistance of 10 (2? The resistivity of copper 
is 1.7 x 10-°§ Q-m. 


A resistance thermometer uses a platinum element whose resistance at 20°C is 11 2. When the element is placed in a 
furnace, its resistance increases to 33 (2. What is the furnace temperature? The temperature coefficient of resistance 
of platinum is 0.0036/°C. 


The diameter of No. 14 wire is 0.06408 in. (a) Find its cross-sectional area in circular mils. (b) The area of No. 10 
wire is 10,380 cmil. How does the resistance of a given length of No. 14 wire compare with that of the same length 
of No. 10 wire? 

The specific resistance of iron is 72 Q-cmil/ft. Find the resistance of 250 ft of iron whose diameter is xk in. 

The temperature coefficient of resistance of carbon is —0.0005/°C. If the resistance of a carbon resistor is 1000 Q 
at O°C, find its resistance at 120°C. 


An iron wire has a resistance of 0.20 Q at 20°C and a resistance of 0.30 Q at 110°C. Find the temperature coefficient 
of resistance of the iron used in the wire. 


The maximum allowable voltage drop for a 70-m length of a certain cable that carries a current of 40 A is 5 V. What 
is the minimum cross-sectional area of the copper wire of the cable in square millimeters? 
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What is the resistance of a 750-W, 120-V electric iron? 


How much power is developed by an electric motor that draws a current of 4 A when it is operated at 240 V? How 
many horsepower is this? 


What is the current in a 100-W light bulb when it is operated at 120 V? 

A 75-W hall light is left on continuously. At $0.09/kWh, find the cost per week. 

A 32-V storage battery has a capacity of 10° J. How long can it supply a current of 5 A? 

The 12-V battery of a car is required to be able to operate the 1.5-kW starting motor for a total of at least 10 min. 
(a) What should the minimum capacity of the battery be (in ampere-hours)? (b) How much energy is stored in such 


a battery? 


A light bulb whose power is 100 W when it is operated at 240 V is instead connected to a 120-V source. (a) What 
is the current in the bulb? (b) How much power does it dissipate? 


Currents of 5 A pass through two resistors, one of which has a potential difference of 100 V across it and the other 


of which has a potential difference of 300 V across it. (a) Compare the rates at which charge passes through each 
resistor. (b) Compare the rates at which energy is dissipated by each resistor. 


Answers to Multiple-Choice Questions 


(c) 24.8. (c) 
(b) 24.9. (c) 
(a) 24.10. (a) 
(c) 24.11. (d) 


(a), (c) 24.12. (a) 
(c) 24.13. (d) 


(d) 


Answers to Supplementary Problems 


Bends in a wire have no effect on its electric resistance because the electrons whose motion constitutes an electric 
current are extremely small with very little mass and therefore can change direction readily. 


3.9 x 10!8 electrons 
0.2A 


24 Q 
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24.5. 


24.6. 


24.7. 


24.8. 


24.9. 


24.10. 


24.11. 


24.12. 


24.13. 


24.14. 


24.15. 


24.16. 


24.17. 


24.18. 


24.19. 


1.2 x 1077 Q-m 

26.5 Q 

74m 

(a) 4106 cmil (b) 2.53 times as much 
4.6 Q 

940 Q 

0.0056/°C 

19.2 Q 

960 W; 1.3 hp 

0.83 A 

$1.13 

6250s = 1h 44 min10s 

(a) 21Ah (b) 9.0 x 10°J 
(a) 0.21A (b) 25 W 


(a) Since the currents are the same, charge flows at the same rate through each resistor. 


(b) Since P = IV, energy is dissipated by the second resistor three times as fast as by the first resistor. 
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Direct-Current 
Circuits 


RESISTORS IN SERIES 


The equivalent resistance of a set of resistors connected together is the value of the single resistor that can replace 
the entire set without changing the properties of any circuit of which the set is a part. The equivalent resistance 
of a set of resistors depends on the way in which they are connected as well as on their values. If the resistors 
are joined in series, that is, consecutively (Fig. 25-1), the equivalent resistance R of the combination is the sum 
of the individual resistances: 


R=R,+R+R4+::: series resistors 


R, R, R; R 
SVAN AVaer AVA AVA as > AWN R= Ri + R,+ RK; 


Fig. 25-1 


SOLVED PROBLEM 25.1 
Show that the equivalent resistance of three resistors in series is given by R = R; + Ro + R3. 


To find the equivalent resistance, we start from the fact that the potential difference V across the set is the sum 
of the potential differences across the individual resistors: 


V=V,+ V2 + V3 

Because the current in each resistor is /, the potential differences across them are 
VY, =1R, Vo = IR) V3 =1R; 
The potential difference across the equivalent resistance R is 
V=I1R 
Substituting for the V’s in V = V, + V2 + V3 gives 
IR=1R,+1R.+T7R3 

Now we divide both sides of this equation by / and find that 

R=R,+R+R; 
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SOLVED PROBLEM 25.2 


Itis desired to limit the current in a 50-Q resistor to 10 A when it is connected to a 600-V power source. (a) 
How should an auxiliary resistor be connected in the circuit and what should its resistance be? (b) What 
is the voltage drop across each resistor? 


(a) Foracurrent of 10 A, the total resistance in the circuit should be 


V 600 V 
== = — =602 
I 10A 
Hence a 10-Q resistor should be connected in series with the 50-Q resistor to give a total of 60 Q. 
(db) V, =7R, = (10 A)(50 Q) = 500 V V, = IRy = (10 A)(10 Q) = 100 V 


SOLVED PROBLEM 25.3 


(a) What is the equivalent resistance of three 5-Q resistors connected in series? (b) If a potential difference 
of 60 V is applied across the combination, what is the current in each resistor? (c) What is the voltage 
drop across each resistor? 


(a) R=Ri+R.4+R3=5045024502= 152 
(b) The current in the entire circuit is 

V 60V 

—= —=4A 

R 15 Q 


Since the resistors are in series, this current flows through each of them. 


(c) The voltage drop across each of the resistors is 
V=1R=(4A)(65 Q) =20V 


The total voltage drop is 20 V + 20 V + 20 V = 60 V, which is equal to the applied potential difference (see 
Fig. 25-2). 


5Q 5Q 5Q 


60 V 


Fig. 25-2. (From Arthur Beiser, Schaum’s Outline of Basic Mathematics for Electricity and Electronics, 2nd Ed., 
©1993, The McGraw-Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


SOLVED PROBLEM 25.4 


Two light bulbs, one of 5- and the other of 10-Q resistance, are connected in series across a potential 
difference of 12 V. (a) What is the current in each bulb? (b) What is the voltage across each bulb? (c) What 
powers are dissipated by each bulb and by the combination? 


The first step is to find the equivalent resistance of the two bulbs, which is 
R=R, +R =524+102= 152 


(a) The current in the circuit is 


Since the bulbs are in series, the current in each of them is 0.8 A. 
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(b) The voltage across the 5-{2 bulb is 
V, = 1R, = (0.8 A)(S Q) =4V 
and that across the 10-Q bulb is 
Vo = TR, = (0.8 A)(10 Q) = 8 V 
As a check, we note that the total voltage is 
V=Vi+h=4V+8V=12V 
which equals the impressed voltage of 12 V, as it should. 
(c) P} =1V, = (0.8 A)(4 V) = 3.2 W Py = IV) = (0.8 A)(8 V) = 6.4 W 
The total powers is the sum of the powers dissipated by each bulb: 
P=P,+P,)=3.2W+64W=9.6W 
As a check, we can calculate the power dissipated by the equivalent resistance of 15 Q: 


P=I°R= (0.8 A)7(15 Q) = (0.64 A”)(15 2) = 9.6 W 


SOLVED PROBLEM 25.5 


A 2000- and a 5000-Q resistor are in series as part of a larger circuit. A voltmeter shows the potential 
difference across the 2000-Q resistor to be 2 V. Find (a) the current in each resistor and (b) the potential 
difference across the 5000-Q resistor. 


(a) The current in the 2000-Q resistor is 


2V 
a eet Gn 


i — = 
Ri 2002 


This current flows through the other resistor as well. 


(b) The potential difference across R> is 


Vo = I Ry = (0.001 A)(5000 2) = 5 V 


RESISTORS IN PARALLEL 
In a parallel set of resistors, the corresponding terminals of the resistors are connected (Fig. 25-3). The reciprocal 
1/R of the equivalent resistance of the combination is the sum of the reciprocals of the individual resistances: 


1 1 1 1 ; 
= + + +... parallel resistors 


Fig. 25-3 
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A calculator with a reciprocal (1/X) key makes it easy to find the equivalent resistance of a set of resistors 
in parallel. The key sequence would be 


TRiJC1/X +] RoI1/ X41 R3I0/ X1[+] - ++ [=01/X) 
This method is much faster than working out the calculation one term at a time. What is being done here is to 
replace the formula 1/R = 1/R,; + 1/R2+1/R3+--- by its reciprocal 


1 
R= 
Ri 1 Ree Ry 2 


If only two resistors are connected in parallel, 


1 1 i R, + Ro R,R2 
= + = and so R= —— 
R R, Ro R, Ro Ri +R 
SOLVED PROBLEM 25.6 


Show that the equivalent resistance of three resistors in parallel is given by 1/R = 1/R; +1/R2+1/R3. 
To find the equivalent resistance, we start from the fact that the total current J is equal to the sum of the currents 
through the separate resistors: 


T=h4+bh4+h 


Because the potential difference V is the same across all the resistors, their respective currents are 


V Vv V 


ar 3 2B as 


The smaller the resistance, the greater the current through a resistor in a parallel set. The total current is given in 
terms of the equivalent resistance R by 


Substituting for the /’s in J = 1, + h + |; gives 


VevovoYV 
RR, Ro R; 


Now we divide both sides of this equation by V: 


1 1 i 1 


SOLVED PROBLEM 25.7 


(a) What is the equivalent resistance of three 5-Q resistors connected in parallel? (b) If a potential 
difference of 60 V is applied across the combination, what is the current in each resistor? 


ie Ey Dy Be gy 
i R Ri Ry Rs 52°52 '52 52 
R= 3Q=1672 


(b) Since each resistor has a potential difference of 60 V across it, the current in each one is 


V 
Pa eT ip 
R 5 Q 
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SOLVED PROBLEM 25.8 


Two 240-Q light bulbs are to be connected to a 120-V power source. To determine whether they will 
be brighter when connected (a) in series or (b) in parallel, calculate the power they dissipate in each 
arrangement. 


(a) The equivalent resistance of the two bulbs in series is 
R= R, + Rp = 240 Q + 240 Q = 480 Q 


The current in the circuit is therefore 


V 120 V 
I=—=——_=025A 
R480 Q 


Since the bulbs are in series, this current passes through each of them. The power each bulb dissipates is 
P =1°R = (0.25 A)*(240 Q) = 15 W 


(b) When the bulbs are in parallel, the potential difference across each is 120 V. Hence the power each bulb 
dissipates is 


2 2 
pee ee = 60 W 
R 240 Q 


The bulbs will be brighter when they are connected in parallel. 


SOLVED PROBLEM 25.9 
A circuit has a resistance of 50 Q. How can it be reduced to 20 Q? 


To obtain an equivalent resistance of R = 20 Q, a resistor R, must be connected in parallel with the circuit of 
R, = 50 Q. To find R2 we proceed as follows: 


et 1 1 1 =R-R 

RR, Rs R, R RR, RR 
RiR 50 2)(20 Q 

——— OM) 24945 


~ R}-R 502-202 


SOLVED PROBLEM 25.10 
Find the equivalent resistance of the circuit shown in Fig. 25-4(a). 


Figure 25-4(b) shows how the original circuit is decomposed into its series and parallel parts, each of which is 
treated in turn. The equivalent resistance of R, and R> is 


» RR — COQ)102) _ 
~ Ri +R 1024102 — 


5Q 


This equivalent resistance is in series with R3, and so 
R" = R'+R3 =524+32=82 
Finally R” is in parallel with Ra; hence the equivalent resistance of the entire circuit is 


— RVR? (8 Q)12.Q) 
~ RT+ER, 824122 


= 482 
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R, 
NAA; WA — 
R,=39 
R, 
R R; R 


: 


R 
oe i 
R,= 122 
Ra 
(a) (6) 
Fig. 25-4 
SOLVED PROBLEM 25.11 


A potential difference of 20 V is applied to the circuit of Fig. 25-4. Find the current through each resistor 
and the current through the entire circuit. 


Because resistor Ry has the full 20-V potential difference across it, 


20 V 
ud = —— =1.67A 


L=— = 
ki Bo 


From Fig. 25-5 we see that the current /; also flows through the entire upper branch of the circuit, whose equivalent 
resistance is R” = 8 Q. Hence 


Vv 20 V 
=~ =2.5A 
8 Q 


— 

3 
ll 
ll 


The potential difference V’ across R, and R> is 
V’=V—LR;=20V— (2.5 A)(3 Q)=12.5A 


Hence the current /; is 


Vy’ 12.5 V 
LSS => —} = 125 V 
R, 10Q 
and the current J> is 
Vy’ 12.5 V 
h=— = — =1.25A 
Ry 10Q 
y’ 
A 
—> 
/; 
—+> 
I I 
Ry 
V=20V 


Fig. 25-5 
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20 V 
fae? oak 
R 482 
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The current through the entire circuit is 

We note that J = /; + J, and that /3 = J; + th, as they should. 
SOLVED PROBLEM 25.12 


The Wheatstone bridge (Fig. 25-6) proves an accurate means for determining an unknown resistance R, 
with the help of the fixed resistors R; and R» and the calibrated variable resistor R3. Resistance R3 is 
varied until the galvanometer G shows no deflection, a situation described by saying that the bridge is 
balanced. Find the value of R, in terms of R,, Ro, and R3. 


Fig. 25-6 


No current passes through the galvanometer when the bridge is balanced, so the same current /; passes through 
R, and R, and the same current J, passes through R3 and R,. Also, points A and B must have no potential difference 
between them; hence Vac = Vgc and V4p = Vzgp. Since 


we have the equations 


Vac = TR, Van = 1 Ro 
Vac = hR3 Vap = hRyx 
Vac => Vac Vap = Vep 
TR, = hR3 TR, = 1hR, 


Dividing the last equation in the first column by the last equation in the second column gives 


The currents /; and /> cancel, and so 


EMF AND INTERNAL RESISTANCE 


TR, = IDR; 
LR, bRy 
R,  R; RoR; 
Ry R,  R, 


The work done per coulomb on the charge passing through a battery, generator, or other source of electric energy 
is called the electromotive force, or emf, of the source. The emf is equal to the potential difference across the 
terminals of the source when no current flows. When a current J flows, this potential difference is less than the 
emf because of the internal resistance of the source. If the internal resistance is r, then a potential drop of Ir 
occurs within the source. The terminal voltage V across a source of emf V. whose internal resistance is r when 
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it provides a current of J is therefore 
V=V.-—TIr 
Terminal voltage = emf — potential drop due to internal resistance 


When a battery or generator of emf V, is connected to an external resistance R, the total resistance in the 
circuit is R + r, and the current that flows is 


Ve 
R+r 


L= 


emf 
Current = : : : 
external resistance + internal resistance 


BATTERIES 


The emf of a set of batteries connected in series is the sum of the emf’s of the individual cells. The internal 
resistance of the set is the sum of the individual internal resistances. Thus 
Ve, series = Vet + Veo + Ve3 tere 
series =F] trat+r3+::: 


Batteries that are intended to be connected in parallel should always have the same emf; otherwise currents 


would circulate among them, wasting energy. If V. is the emf of each battery, the emf of a set of batteries 
connected in parallel is also V.. The internal resistance of the set is 


1 1 1 


Y parallel r| rQ r3 


SOLVED PROBLEM 25.13 


A dry cell of emf 1.5 V and internal resistance 0.05 Q is connected to a flashlight bulb whose resistance 
is 0.4 Q. Find the current in the circuit. 


V, 15V 
I= = = 3.33 A 
R+r 042+0.052 


SOLVED PROBLEM 25.14 


A battery whose emf is 45 V is connected to a 20-Q resistance, and a current of 2.1 A flows. (a) Find the 
internal resistance of the battery. (b) Find the terminal voltage of the battery. 


(a) From / = V./(R +1) we obtain 


V. 45V 
(ks —  _~UWG=— 140-00 = 140 
I 21A 
(b) V =V.—Ir =45 V — (2.1 A)(1.4) = 42 V 
SOLVED PROBLEM 25.15 


A generator has an emf of 120 V and an internal resistance of 0.2 Q. (a) How much current does the 


generator supply when the terminal voltage is 115 V? (b) How much power does it supply? (c) How 
much power is dissipated in the generator itself? 
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(a) From V = V, — /r we obtain 


Ve-V _ 120V—-115V 


r 0.2 Q 
(b) P=T1V = (25 A)(115 V) = 2875 W 
(c) P=TPr = (25 A)°(0.2 Q) = 125 W 
SOLVED PROBLEM 25.16 
A source of what potential difference is required to charge a battery of Ve = 6 V andr = 0.1 Q ata rate 
of 10 A? 
The required potential difference must equal the emf of the battery plus the Jr drop in its internal resistance. 
Hence 
Vapplied = Ve + Ir =6V+ (10 A)(O.1 2) =7V 
SOLVED PROBLEM 25.17 


What are the advantages of connecting a set of batteries in parallel? 


(1) The reduced internal resistance of the set enables more current to be drawn by a load. (2) The ampere-hour 
capacity of the set is the sum of the capacities of the individual batteries and so is greater than that of any of them. 


SOLVED PROBLEM 25.18 


Three batteries, each of emf 12 V and internal resistance 0.1 (2, are connected in series with a load of 
2 Q. What is the current in the load? 


The emf of the set of batteries is 
Vv. =12V4+12V4+12V=36V 
and its internal resistance is 
r=0.1240.124+0.12=0.3 2 


Hence the current in the load is 


Ve 36 V 


f= = 
R+r 9 (24+ 0.3) Q 


=15.7A 


SOLVED PROBLEM 25.19 


The batteries of Prob. 25.18 are connected in parallel with the same load. What is the current in the load 
now? 


The emf of the set of batteries is 12 V, and its internal resistance is found as follows: 


La i 1 Pp 1 3 
r O12 012 012° O12 
0.12 


r= — =0.033 Q 
3 


The current in the load is 


V. 12V 


l= = 
R+r — (2+0.33) Q 


=5.9A 
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IMPEDANCE MATCHING 


When a source of electric energy is connected to a load, the power transfer is a maximum when both source and 
load have the same resistance. This is an example of impedance matching: When energy is being transferred 
from one system to another (here from an emf source to a load), the efficiency is greatest when both systems have 
the same impedance, which is a general term for resistance to the flow of energy. Another example of impedance 
matching occurs when a moving body strikes a stationary one. When both bodies have the same mass (which 
is a measure of the resistance of a body to a change in its state of motion or of rest), the energy transfer to the 
stationary body is a maximum. 

Figure 25-7 shows an emf source of internal resistance r connected to a load resistance R. If the current that 
flows is J, 


i Vemt 
~ R+r 
The power in the load is 
P= I?-R = Vide 
(R+r) 


The maximum value of P corresponds to R = r, when 


y2 


emf 


4R 


max — 


Figure 25-8 shows how P/Pimax varies with the resistance ratio R/r. 


1.00 - 
0.75 - 


0.50 - 


Power dissipated in R relative 
to maximum 


R 0 
¥ 0 1 2 3 4 5 


Resistance ratio, R/r 


Fig. 25-8. (From Modern Technical Physics, 6th Ed., Arthur Beiser, 
Fig. 25-7 ©1992. Reprinted by permission of Pearson Education, Inc.) 


SOLVED PROBLEM 25.20 


Verify that Pmax occurs when R = r by calculating the power delivered by a battery of emf 10 V and 
internal resistance 0.5 Q when it is connected to (a) 0.25-Q, (b) 0.5-Q, and (c) 1-Q resistors. 

vv — Vv 
Rh +r 0.2524+052 


(a) I =13.3A 


P,; = I, Ry = (13.3 A)?(0.25 Q) = 44 W 
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Vv. 10 V 


Ro+r 0.52+0.5 2 


(b) r 


Py = IZ Ry = (10 A)°(0.5 2) = 550 W 


2 Ve 10V 
~ R4+r 124052 


(c) i =6.7A 


P3 = 13 R; = (6.7 A*(1 Q) = 44 W 


KIRCHHOFF’S RULES 


The current that flows in each branch of a complex circuit can be found by applying Kirchhoff’s rules to the 
circuit. The first rule applies to junctions of three or more wires (Fig. 25-9) and is a consequence of conservation 
of charge. The second rule applies to loops, which are closed conducting paths in the circuit, and is a consequence 
of conservation of energy. The rules are as follows: 


1. The sum of the currents that flow into a junction is equal to the sum of the currents that flow out of the 
junction. 


2. The sum of the emf’s around a loop is equal to the sum of the 7 R potential drops around the loop. 


Junction a 


Junction b 


Fig. 25-9 


The procedure for applying Kirchhoff’s rules is as follows: 


1. Choose a direction for the current in each branch of the circuit, as in Fig. 25-9. (A branch is a section of 
a circuit between two junctions.) If the choice is correct, the current will turn out to be positive. If not, 
the current will turn out to be negative, which means that the actual current is in the opposite direction. 
The current is the same in all the resistors and emf sources in a given branch. Of course, the currents 
will usually be different in the different branches. 


2. Apply the first rule to the currents at the various junctions. This gives as many equations as the number 
of junctions. However, one of these equations is always a combination of the others and so gives no 
new information. (If there are only two junction equations, they will be the same.) Thus the number of 
usable junction equations is equal to one less than the number of junctions. 


3. Apply the second rule to the emf’s and /R drops in the loops. In going around a loop (which can be 
done either clockwise or counterclockwise) an emf is considered positive if the — terminal of its source 
is met first. If the + terminal is met first, the emf is considered negative. An TR drop is considered 
positive if the current in the resistor R is in the same direction as the path being followed. If the current 
direction is opposite to the path, the 7 R drop is considered negative. 
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In the case of the circuit shown in Fig. 25-9, Kirchhoff’s first rule, applied to either junction a or junction b, 
yields 


h=h+h 
The second rule applied to loop 1, shown in Fig. 25-10(a), and proceeding counterclockwise, yields 
Ver = 1 Ri + Ro 
The rule applied to loop 2, shown in Fig. 25-10(b), and again proceeding counterclockwise, yields 
—Ve2 = —hRo + Rs 


There is also a third loop, namely, the outside one shown in Fig. 25-10(c), which must similarly obey Kirchhoff’s 
second rule. For the sake of variety we now proceed clockwise and obtain 


=Vea Vo.2 = —13R3 = I, Ri 


Fig. 25-10 


Note that this last equation is just the negative sum of the two preceding equations. Thus, we may use 
the junction equation and any two of the loop equations to solve for the unknown currents [;, J), and 1/3. In 
general, the number of useful loop equations equals the number of separate areas enclosed by branches of the 
circuit. A helpful way to think of these areas is as adjacent plots of land. Loops (1) and (2) of Fig. 25-10 fit this 
description, but the outer loop (3) does not. Hence there are two separate areas here and we can use only two of 
the three loop equations, as we found above. 


SOLVED PROBLEM 25.21 


Two batteries in parallel, one of emf 6 V and internal resistance 0.5 Q and the other of emf 8 V and 
internal resistance 0.6 Q, are connected to an external 10-Q resistor, as in Fig. 25-11(a). Find the current 
in the external resistor. 


Directions for the currents, J, /,, and /; are assumed as in Fig. 25-11(a). At junction a Kirchhoff’s first law 
gives 


h=I+th 
For the loop of Fig. 25-11(b), which we go around counterclockwise, 
Voi =IR-Tr; 
and for the loop of Fig. 25-11(c), which we also go around counterclockwise, 
Veo =IR+ hr 
Since J) = 7+ ,, 


V2 =IR+I1n+ rr 
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Junction a 


Fig. 25-11 


We now solve this equation and the first loop equation for /;, set the two expressions for J; equal, and then solve 


for 7: 
IR—V. 2 -IR—In 
=e and is Vag ded 
Yr 12 
IR-V.. _ Ve2-IR-Iry 
ry ~ 2 
I(Rry + Rr, + ror) = Veari + Vo.ir2 
_ Vearit Verto _ (8 V)(0.5 Q) + (6 V)(0.6 Q) een. 
~ Ry+ Rr trr, (10 Q)(0.6 Q) + 10 Q)(0.5 Q) + (0.6 2)(0.52) 
SOLVED PROBLEM 25.22 


Find the currents in the three resistors of the circuit shown in Fig. 25-12(a). The internal resistances of 
the emf sources are included in R; and R3. 


We assume the current directions shown in the figure. Applying Kirchhoff’s first rule to junction a yields 
I Cae! I 1 + L 2 


Next we analyze the two inner loops with the help of Kirchhoff’s second rule. Proceeding counterclockwise in loop 
1 yields 


Ver = TR, — 12R2 


et Junction @ 


Fig. 25-12 
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and proceeding counterclockwise in loop 2 yields 
Vo2 = hR. + BR3 


We now have three equations that relate the unknown quantities /,, /,, and /;. One way to proceed (there are others, 
equally suitable) is to substitute 7; = J, + J, in the second loop equation, which gives 


Veo = hRo +1, R3 + hR; 


Ve.2 — InR2 — hR3 


i= 
1 R 


From the first loop equation, 


Vo + InR2 


i 
1 R, 


Since these two expressions must be equal, 


Ver+bR2  Ver2— Ro - bR3 


Ri R3 


At this point we substitute the values of the various emf’s and resistances and solve for /,. This substitution can also 
be done earlier or later in a calculation of this kind, whatever seems most convenient. The calculation proceeds as 
follows: 
lOV+6 22) — 5V— (6 Q)b) — 6 &)(h) 
3Q 62 


10 V 5 Q SV 5 Q 6Q 
+ h= I h 
3.Q 3Q 6 Q 6 Q 6Q 


aS 
wl Nn 
+ 
alm 
+ 
DID 
So 
ioe 
ll 
ae 
alu 
| 
els 
a 


lh =—0.714A 


The minus sign means that the current /, is in the opposite direction to the one shown in the figure. From the first 
loop equation, 
Vert bR. 10V— (0.714 A)(5 Q) 


i= = =2.143A 
R 32 


Finally we find J; from the junction equation: 
h=h+h=21B3A-0.714A=1429A 


The actual currents are shown in Fig. 25-12(b). 
As acheck on the calculation we can apply Kirchhoff’s second rule to the outside loop of the circuit, shown in 
Fig. 25-12(c). Proceeding counterclockwise, we get 


Veo + Ver = Ri + 1BR3 
5.V +10 V = (2.143 A)(3 Q) + (1.429 A)(6 Q) 
ISV=15V 


SOLVED PROBLEM 25.23 


Find the currents in the three resistors of the circuit shown in Fig. 25-13(a). The internal resistances of 
the emf sources are included in the resistances shown. 


Let us now work directly from the numerical values of the emf’s and resistances in the figure. Applying 
Kirchhoff’s first rule to junction a, with the current directions shown, yields 


+h+h=0 
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Fig. 25-13 


Clearly one or two current directions are incorrect, but this makes no difference since the result is a negative current 
in those cases. Next we apply Kirchhoff’s second rule to loop 1 and proceed clockwise: 


-2V-6V= (10 Q)(bh) — 42)(h) 
The emf’s are considered negative because we encountered their + terminals first. Solving for J, gives 


—8V (= 
h= 


Now we proceed clockwise in loop 2 and obtain 
6V+5V = (8 Q)U3) — (10 2) U2) 
Substituting J; = —J, — J, and solving for J, yields 


HV = -—@8 Q)(N) = (8 Q)C2) — 10 2)(h) 


— on (1;) = —0.611 A — 0.4447 
ko)" eae. 


> = ——_ 
Setting equal the two expressions for /, and solving for /,, we find 
—0.8A+0.4/, = —0.611 A — 0.444], 
0.8447, = 0.189 A 
I, = 0.224A 
From the first loop equation 
I, =—0.8A+4+0.47, = —0.710A 
and so 


kh = —h — bh = —0.224A+0.710 A = 0.486 A 


The actual currents are shown in Fig. 25-13(b). 
Again we check the results by using the outside loop of the circuit as shown in Fig. 25-13(c). Proceeding 
clockwise yields 


—2V+5V = (8 Q)(0.486 A) — (4 2)(0.224 A) 


3V=3V 
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25.1. 


25.2. 


25.3. 


25.4. 


25.5. 


25.6. 


25.7. 


25.8. 


25.9. 


25.10. 


25.11. 


Multiple-Choice Questions 


A resistor R connected to a battery dissipates energy at the rate P. If another resistor is connected in parallel with 
R, the power dissipated by R is 


(a) less than P (c) more than P 
(b) P (d) any of the above, depending on the values of the resistances 


The second resistor of Question 25.1 is connected in series with R. The power dissipated by R is now 


(a) less than P (c) more than P 
(b) P (d) any of the above, depending on the values of the resistances 


A network is being analyzed using Kirchhoff’s rules. If the wrong direction is assumed for one of the currents /, the 
calculated current will be 


(a) 0 (c) I 
(b) —-I (d) incorrect 


A 60-V potential difference is applied across a 5- and a 10-Q resistor in series. The current in the 5-Q resistor is 


(a) 4A (c) 12A 
(b) 6A (d) 18A 


The potential difference across the 5-Q resistor in Question 25.4 is 


(a) 20V (c) 40V 
(b) 30V (d) 60V 


A 5-Q resistor and a 10-Q resistor are connected in parallel. Their equivalent resistance is 


(a) 032 (c) 752 
(b) 332 (d) 152 


A 60-V potential difference is applied across the resistors of Question 25.6. The current in the 5-Q resistor is 


(a) 4A (c) 12A 
(b) 6A (d) 18A 


The equivalent resistance of two identical resistors in parallel is 10 Q. The equivalent resistance of the same resistors 
in series would be 


(a) 102 (ce) 402 
(b) 202 (dad) 1002 


A network of three 5-Q resistors cannot have an equivalent resistance of 


(a) 1672 (ce) 752 
(b) 2.52 (d) 152 


A battery of emf 12 V whose internal resistance is negligible is connected across a 10-Q resistor in parallel with a 
resistor of resistance R. If the battery current is 2 A, the value of R is 

(a) 3.75 Q (c) 152 

(b) 62 (d) 202 

A current of 9 A flows when a 120-V battery is connected across a 12-Q resistor. The battery has an internal resistance 


of 


(a) 132 (©) 1332 
(b) 122 (da) 2532 
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25.12. 


25.13. 


25.14. 


25.1. 


25.2. 


25.3. 


25.4. 


25.5. 


25.6. 


25.7. 


25.8. 


25.9. 


25.10. 


25.11. 


25.12. 
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A battery of emf 12 V and internal resistance 1 Q is connected across a 3-Q resistor. The potential difference across 
the resistor is 


(a) 2.25V (c) 9V 
(b) 3V (d) 12V 


A 5-Q resistor and a 10-Q resistor are connected in series to a battery. If heat is produced in the 5-Q resistor at the 
rate P, the rate at which heat is produced in the 10-Q resistor is 

(a) P/4 (©) P 

(b) P/2  (d) 2P 

A 5-Q resistor and a 10-Q resistor are connected in parallel to a battery. If heat is produced in the 5-Q resistor at 
the rate P, the rate at which heat is produced in the 10-Q resistor is 


(a) P/4 (c) P 
(b) P/2  (d) 2P 


Supplementary Problems 


It is desired to have a current of 20 A in a 5-Q resistor when it is connected to an 80-V battery. Is there any way in 
which an auxiliary resistor can be connected in the circuit to increase the current in the 5-Q resistor to this value? If 
so, what should its resistance be? 


(a) Find the equivalent resistance of four 60-Q resistors connected in series. (b) If a potential difference of 12 V is 
applied across the combination, what is the current in each resistor? 


(a) Find the equivalent resistance of four 60-Q resistors connected in parallel. (b) If a potential difference of 12 V 
is applied across the combination, what is the current in each resistor? 


You have three 2-Q resistors. List the various resistances you can provide with them. 


A 100- and a 200-Q resistor are connected in series with a 40-V power source. (a) What is the current in each 
resistor? (b) How much power does each one dissipate? 


A 100- and a 200-Q resistor are connected in parallel with a 40-V power source. (a) What is the current in each 
resistor? (b) How much power does each one dissipate? 


What resistance should be connected in parallel with a 1000-Q resistor to produce an equivalent resistance of 200 (2? 


A 5-Q resistor is connected in parallel with a 15-Q resistor. When a potential difference is applied to the combination, 
which resistor will carry the greater current? What will the ratio of the currents be? 


A 25-, a 40-, and a 60-Q resistor are in series in a circuit such that the voltage across the 25-Q resistor is 18 V. Find 
(a) the voltage across the other resistors and (b) the current in each. 


(a) Find the equivalent resistance of the circuit shown in Fig. 25-14. (b) If a potential difference of 20 V is applied 
to the circuit, find the current in each resistor. 


(a) Find the equivalent resistance of the circuit shown in Fig. 25-15. (b) If a potential difference of 100 V is applied 
to the circuit, find the current in each resistor. 


(a) Find the equivalent resistance of the circuit shown in Fig. 25-16. (b) A 6-V battery whose internal resistance is 
1 Q is connected to the circuit. Find the current in each resistor. 
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25.13. 


25.14. 


25.15. 


25.16. 


25.17. 


25.18. 


25.19. 


25.20. 


25.21. 


25.22. 


25.23. 


52 22 20 Q 


6 Q 


22 


10 Q 22 8 Q 
Fig. 25-14 Fig. 25-15 


52 82 


52 42 
Fig. 25-16 


Two batteries in parallel, each of emf 10 V and internal resistance 0.5 Q, are connected to an external 20-Q resistor. 
Find the current in the external resistor. 


A dry cell has an emf of 1.5 V and an internal resistance of 0.08 Q. (a) Find the current when the cell’s terminals 
are connected together. (b) Find the current when the cell is connected to a 5-Q resistance. 


A certain “12-V” storage battery actually has an emf of 13.2 V and an internal resistance of 0.01 &. What is the 
terminal voltage of the battery when it delivers 80 A to the starter motor of a car engine? 


A current of 2.2 A flows when a battery of emf 24 V is connected to a 10-Q load. Find (a) the internal resistance of 
the battery and (b) its terminal voltage. 


Two 12-V batteries, one with an internal resistance of 0.05 Q and the other with an internal resistance of 0.15 Q, are 
connected in parallel with a load of 0.5 Q. Find the current in the load. 


The batteries of Prob. 25.17 are connected in series with the same load. Find the current in the load now. 
A generator whose emf is 240 V has a terminal voltage of 220 V when it delivers a current of 50 A. (a) Find the 
internal resistance of the generator. (b) Find the power supplied by the generator. (c) Find the power dissipated 


within the generator. 


A storage battery of emf 34 V and internal resistance 0.1 Q is to be charged at a rate of 20 A from a 110-V source. 
What series resistance is needed in the circuit? 


Find the currents in the resistors of the circuit shown in Fig. 25-17. The internal resistances of the emf sources are 
included in the external resistances. 


Find the current in the resistors of the circuit shown in Fig. 25-18. The internal resistances of the emf sources must 
be taken into account. 


Find the currents in the resistors of the circuit shown in Fig. 25-19. The internal resistances of the emf sources are 
included in the external resistances. 
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25.24, 


25.25. 


25.1. 


25.2. 


25.3. 


25.4. 


25.5. 


25.1. 


25.2. 


6V 
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52 


10 2 


Fig. 25-17 
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10 Q 


Fig. 25-18 


Find the currents in the resistors of the circuit shown in Fig. 25-20. The internal resistances of the emf sources are 
included in the external resistances. 


(a) Find the current in the 5-Q resistor in the circuit shown in Fig. 25-21. (b) Find the potential difference between 


points A and B. The internal resistances of the emf sources must be taken into account. 


(b) 
(a) 
(b) 
(a) 


(a) 


There is no way in which an auxiliary resistor can be connected to increase the current. 


(a) 


240 Q 


Answers to Supplementary Problems 


(b) 0.05 A 


8Q 6V 10 Q 6V 8V,1Q2 102 
+h +! —- +'- 
42 52 10 V SV,12 5a 
A B 
-— ty +i ee 
72 10 V 20 2 10 V 2V,12 82 
+b +e +0 - 
Fig. 25-19 Fig. 25-20 Fig. 25-21 
Answers to Multiple-Choice Questions 
25.6. (b) 25.11. (a) 
25.7. (c) 25.12. (0) 
25.8. (c) 25.13. (d) 
25.9. (b) 25.14. (b) 
25.10. (c) 
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25.3. (a) 15Q (b) 02A 
25.4. 0.67 2; 1 2322:3 2:42:62 
25.5. (a) 0.133A;0.133A  (b) 1.78 W;3.55W 
25.6. (a) 04A;0.2A  (b) 16W:8W 
25.7. 2502 
25.8. 


25.9. 


25.10. 


25.11. 


25.12. 


25.13. 


25.14. 


25.15. 


25.16. 


25.17. 


25.18. 


25.19. 


25.20. 


25.21. 


25.22. 


25.23. 


25.24. 


25.25. 


The 5-Q resistor will carry a current three times greater than that carried by the 15-Q2 resistor. 


(a) 28.8 V across the 40-Q resistor; 43.2 V across the 60-Q resistor. 
(b) 0.72 A in each resistor. 


(a) The equivalent resistance is 17.4 Q. 
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(b) The current in the 5- and 10-Q resistors is 1.15 A; in the three 0.2-Q resistors, 0.46 A; and in the 4-Q resistor, 


0.69 A. 


(a) The equivalent resistance is 4.90 Q. 


(b) The current in the 20-Q resistor is 2.63 A; in the 10-Q resistor, 5.26 A; in the 6-Q resistor, 7.89 A; and in the 


8-Q resistor, 12.50 A. 


(a) The equivalent resistance is 5.167 Q. 


(b) The current in each 5-Q resistor is 0.581 A; in the 8-Q resistor, 0.387 A; and in the 4-Q resistor, 0.774 A. 


0.494 A 
(a) 194 (b) 03A 

12.4V 

(a) 0.92 (by 22V 

W233 A 

34.3 A 

(a) 042 (b) ILkKW (ce) 1kW 


3.7 Q 


The current in the 5-Q resistor is 0.286 A to the left, the current in the 10-Q resistor is 0.143 A to the left, and the 


current in the 6-Q resistor is 0.429 A to the right. 


The current in the 10-Q resistor is 0.935 A to the left, and the currents in the 3-Q and 5-Q resistors are both 0.785 A 


to the left. 


The current in the 8-Q resistor is 0.22 A to the left, the current in the 4-Q resistor is 1.05 A to the right, and the 


current in the 7-Q resistor is 0.83 A to the left. 


The current in the 10-Q resistor is 0.857 A to the left, the current in the 5-Q resistor is 1.486 A to the right, and the 


current in the 20-Q resistor is 0.629 A to the left. 


(a) 0.475 Atotheright (b) 7.85V 


CHAPTER 26 


Capacitance 


CAPACITANCE 


A capacitor is a system that stores energy in the form of an electric field. In its simplest form, a capacitor consists 
of a pair of parallel metal plates separated by air or other insulating material. 

The potential difference V between the plates of a capacitor is directly proportional to the charge|Q on either 
of them, so the ratio Q/ V is always the same for a particular capacitor. This ratio is called the capacitance C of 
the capacitor: 


C= 


Std 


charge on either plate 


Capacitance = - - 
potential difference between plates 


The unit of capacitance is the farad (F), where 1 farad = 1 coulomb/volt. Since the farad is too large for 
practical purposes, the microfarad and picofarad are commonly used, where 


1 microfarad = 1 uF = 10-° F 
1 picofarad = 1 pF = 10° F 


A charge of 10~° C on each plate of 1-uF capacitor will produce a potential difference of V = Q@/C =1V 
between the plates. 


PARALLEL-PLATE CAPACITOR 


A capacitor that consists of parallel plates each of area A separated by the distance d (Fig. 26-1) has a capaci- 
tance of 


A 

C= Keo = 

d 

pay 

+0 aa -Q 
EE] A 

Ee 
V 


Fig. 26-1. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 
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The constant & 9 is the permittivity of free space mentioned in Chapter 23; its value is 
€9 = 8.85 x 107'? C?/(N-m’) = 8.85 x 107” F/m 
The quantity K is the dielectric constant of the material between the capacitor plates; the greater K is, the more 


effective the material is in diminishing an electric field. For free space, K = 1; for air, K = 1.0006; a typical 
value for glass is K = 6; and for water, K = 80. 


SOLVED PROBLEM 26.1 


A 200-pF capacitor is connected to a 100-V battery. Find the charge on the capacitor’s plates. 


Q=CV = (200 x 10°” F100 V) = 2x 10 °C 


SOLVED PROBLEM 26.2 
A capacitor has a charge of 5 x 10-4 C when the potential difference across its plates is 300 V. Find its 
capacitance. 
_ oe. See yo, 
C=) = ag 10° F = 1.67 pF 
SOLVED PROBLEM 26.3 


A parallel-plate capacitor has plates 5 cm square and 0.1 mm apart. Find its capacitance (a) in air and 
(b) with mica of K = 6 between the plates. 


(a) Inair K is very nearly 1, and so 


A —12 F —10 
C = Key > = (1) (8.85 x 10°? — = 2.21 x 107° F= 221 pF 


m 


(0.05 m)? 
(10-4 m) 


(b) With mica between the plates the capacitance will be K = 6 times greater, or 


C = (16)(221 pF) = 1326 pF 


SOLVED PROBLEM 26.4 


A parallel-plate capacitor has a capacitance of 2 uF in air and 4.6 uF when it is immersed in benzene. 
What is the dielectric constant of benzene? 


Since C is proportional to K, in general 


Cc, _ Cr 
K, Ky» 
for the same capacitor. Here, with K; = Kair = 1, the dielectric constant K> of benzene is 
C2 4.6 UF 
Bae =o \es 
Cc, 2 UWF 


SOLVED PROBLEM 26.5 


A 10-uF capacitor with air between its plates is connected to a 50-V source and then disconnected. 
(a) What is the charge on the capacitor and the potential difference across it? (b) The space between the 
plates of the charged capacitor is filled with Teflon (K = 2.1). What is the charge on the capacitor and 
the potential difference across it now? 
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(a) The capacitor’s charge is 
Q=CV =(10x 10°° F(50 V) =5 x 107C 


The potential difference across it remains 50 V after it is disconnected. 


(b) The presence of another dielectric does not change the charge on the capacitor. Since its capacitance is now 


and V = Q/C, the new potential difference is 


Q KQ &K 


Y= 
= Gs. RS Cy RS 


1 
= V) =23.8V 
V; (37) cow 3.8 


CAPACITORS IN COMBINATION 


The equivalent capacitance of a set of connected capacitors is the capacitance of the single capacitor that can 
replace the set without changing the properties of any circuit it is part of. The equivalent capacitance of a set of 
capacitors joined in series (Fig. 26-2) is 
1 1 ze 1 " 1 
CG Gg 
When using a calculator with a reciprocal (1/X) key, it is easiest to proceed in the way described in 
Chapter 25 in the case of the similar formula for the equivalent resistance of a set of resistors in parallel. The 
key sequence here would be 


[Ci /XI+][C2]1/ XM[+I0C3]01/XI-+1- -- [=01/X) 


If there are only two capacitors in series, 


+.:-- capacitors in series 


1 1 1 Cy+C CiC 
— + = — au and so C= 
C Ci C2 C\Co Ci +p C2 
Ina parallel set of capacitors (Fig. 26-3), the equivalent capacitance is the sum of the individual capacitances: 
C=C, +O0.+C34+::- capacitors in parallel 
Cc, 
Cc, G c, c ra e 
SRE = SE noes a 
jae Rares are if 
C Gy. CS C=C, 40,46, 
Fig. 26-2 Fig. 26-3 


SOLVED PROBLEM 26.6 


Show that the equivalent capacitance C of three capacitors connected in series is given by 1/C = 
L/Cpl Cet 1/ Cs. 


Each capacitor in a series connection has charges of the same magnitude Q on its plates, so the voltages across 
them are, respectively, 
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If C is the equivalent capacitance of the set, then 


V=Vi+V4+ V3 = + + 


Dividing through by the charge Q gives 


SOLVED PROBLEM 26.7 


Show that the equivalent capacitance C of three capacitors connected in parallel is given by C = 
Cy +C.4+ C3. 


Now the same voltage V is across all the capacitors, and their respective charges are 
Q,=C\V Q, = CV Q3 = C3V 


The total charge Q; + Q» + Q3 on either the + or — plates of the capacitors is equal to the charge Q on the 
corresponding plate of the equivalent capacitor C, and so 


Q=0:+0Q.+ 03 CV =C\V=O.V+03V 
Dividing through by V gives 


C=C, +O,4+ C3 


SOLVED PROBLEM 26.8 


Three capacitors whose capacitances are 1, 2, and 3 uF are connected in series. Find the equivalent 
capacitance of the combination. 


De ee ee 
CC, CG Cy IuF 2pF 3uF 6uF 
Hence, 
6 
C= 7 WF = 0.545 uF 

SOLVED PROBLEM 26.9 

The three capacitors of Prob. 26.8 are connected in parallel. Find the equivalent capacitance of the 

combination. 

C=C) +O). +C3=1 NF +2uF+3 uF = 6uF 

SOLVED PROBLEM 26.10 


A 2- and 3-uF capacitor are connected in series. (a) What is their equivalent capacitance? (b) A potential 
difference of 500 V is applied to the combination. Find the charge on each capacitor and the potential 
difference across it. 


CiC2 (2 WF) (3 UF) 
(a) C — — — 
Ca. Tues sur 


1.2 uF 


(b) The charge on the combination is 


Q=CV = (1.2 x 10°° F(500 V) =6 x 107 C 
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The same charge is present on each capacitor (Fig. 26-4). Hence the potential difference across the 2-uF 
capacitor is 
V Q 6x10*C 300 V 
‘"C 2Zxil0Fr 
and that across the 3-l1F capacitor is 
6x 10-*C 
je 2 aoe 
C. 3x 10°F 


As a check we note that V; + V. = 500 V. 


C, =5 pF 


Q,=5x 10°C 
C, =2 pF C, = 3 pF 


C, = 10 pF 
300 V 200 V Q,=10°§C 
500 V 1000 V 
Fig. 26-4 Fig. 26-5 
SOLVED PROBLEM 26.11 


A 5- and 10-pF capacitor are connected in parallel. (a) What is their equivalent capacitance? (b) A 
potential difference of 1000 V is applied to the combination. Find the charge on each capacitor and the 
potential difference across it. 


(a) C=C,+ C2, =5 pF+ 10 pF = 15 pF 
(b) The same potential difference V = 1000 V is across each capacitor (Fig. 26-5). The charge on the 5-pF 
capacitor is 


Q=GV=s=6x10-" FHG0' Vv) =5 x 10°C 
and that on the 10-pF capacitor is 


QO. = QV = (10x 10°” F)(10° V) = 10° °C 


ENERGY OF A CHARGED CAPACITOR 


To produce the electric field in a charged capacitor, work must be done to separate the positive and negative 
charges. This work is stored as electric potential energy in the capacitor. The potential energy W of a capacitor 
of capacitance C whose charge is Q and whose potential difference is V is given by 


i fo 
w=jov=icv?=7(2) 


SOLVED PROBLEM 26.12 


How much energy is stored in a 50-pF capacitor when it is charged to a potential difference of 200 V? 


W= gc? = (3)(50 x 107!2 F)(200 V)? = 10-6 J 
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SOLVED PROBLEM 26.13 


A 100-uF capacitor is to have an energy content of 50 J to operate a flashlamp. (a) What voltage is 
required to charge the capacitor? (b) How much charge passes through the flashlamp? 


— 2W_ [QED _ 
Val =y Goa = 1000 


(b) 0 =CV = (107 F)(10? V) =0.1C 


(a) Since W = $CV*, 


CHARGING A CAPACITOR 


When a capacitor is being charged in a circuit such as that of Fig. 26-6, at any moment the voltage Q/C across 
it is in the opposite direction to the battery voltage V and thus tends to oppose the flow of additional charge. For 
this reason a capacitor does not acquire its final charge the instant it is connected to a battery or other source of 
emf. The net potential difference when the charge on the capacitor is Q is V — (Q/C), and the current is then 


_AQ_ V—-(Q/C) 
At R 
As Q increases, its rate of increase J = AQ/At decreases. Figure 26-7 shows how Q, measured in percent of 
final change, varies with time when a capacitor is being charged; the switch of Fig. 26-6 is closed at t = 0. 

The product RC of the resistance R in the circuit and the capacitance C governs the rate at which the 
capacitor reaches its ultimate charge of Qg = CV. The product RC is called the time constant T of the circuit. 
After a time equal to T, the charge on the capacitor is 63 percent of its final value. 


I 


Q as Percent of Final Charge Qo 


0 RC 2RC 3RC 4RC 
Time 


Fig. 26-7 
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The formula that governs the growth of charge in the circuit of Fig. 26-6 is 
QO = Qo(1—e*/") 


where Qo is the final charge CV and T is the time constant RC. Figure 26-7 is a graph of this formula. The 
quantity e has the value 


e=2.718.--- 


and is often found in equations in engineering and science. A quantity that consists of e raised to a power is 

called an exponential. To find the value of e* or e~*, an electronic calculator or a suitable table can be used. 

Exponentials are sometimes written exp x or exp(—.) instead of e* or e~*. The meaning is exactly the same. 
It is easy to see why Q reaches 63 percent of Qo in time 7. When t = T,t/T = 1 and 


1 
G=Oi-2 50, (: _ -) = Oo(1 — 0.37) = 0.6305 


DISCHARGING A CAPACITOR 


When a charged capacitor is discharged through a resistance, as in Fig. 26-8, the decrease in charge is governed 
by the formula 


O = Qoe*/? 


where again T = RC is the time constant. The charge will fall to 37 percent of its original value after time T 
(Fig. 26-9). The smaller the time constant 7, the more rapidly a capacitor can be charged or discharged. 


Cc 
R 
Fig. 26-8 
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SOLVED PROBLEM 26.14 


A 20-uF capacitor is connected to a 45-V battery through a circuit whose resistance is 2000 Q. (a) What 
is the final charge on the capacitor? (b) How long does it take for the charge to reach 63 percent of its 
final value? 


@ O=CV = (20x 10-° F)(45 V) =9 x 10-*C 
(b) t = RC = (2000 2)(20 x 10-6 F) = 0.04 
SOLVED PROBLEM 26.15 


Find the charge on the capacitor of Prob. 26.14 at 0.01 and 0.1 s after the connection to the battery is 
made. 


When ¢ = 0.01 s, t/T = (0.01 s)/(0.04 s) = 0.25. Using a calculator or table of exponentials gives 
=e ae 
Hence 
O = Q(1—e/7) = 9 x 10°* C)(1 — 0.78) = Y x 10-* C)(0.22) = 2.0 x 1047 C 
Similarly, when tf = 0.1 s,t/T = (0.1 s)/(0.04 s) = 2.5 and 
e/T — e 5 — 0.082 
Hence 


Q=Q)(1—e/7) = (9 x 10°* C)(1 — 0.082) = (9 x 10-4 C)(0.918) = 8.3 x 10-7 C 


SOLVED PROBLEM 26.16 


A 5-uF capacitor is charged by being connected to a 3-V battery. The battery is then disconnected. (a) If 
the resistance of the dielectric material between the capacitor plates is 10° Q, find the time required for 
the charge on the capacitor to drop to 37 percent of its original value. (b) What is the charge remaining 
on the capacitor | h after it has been disconnected? What is the charge 10 h afterward? 


(a) T = RC = (10° Q)(5 x 10-°° F) = 5 x 1073 s 


which is 5 x 107 s _ 5000s _ san 
(60 s/min)(60 min/h)  3600s/h_ 


(b) The initial charge on the capacitor is 
Qo = CV =(5x 10°° F)\(3. V) = 1.5 x 10°C 
After t = 1h, t/T = (1 h)/(1.4h) = 0.71, and 
QO = Qe"? = (1.5 x 10° C)(e!) = (1.5 x 107° C)(0.49) = 7.4 x 10°C 
After t = 10h, t/T = (10 h)/(1.4h) = 7.1, and 


QO = Qe"? =(1.5 x 10° C)(e"!) = (1.5 x 10-5 C)(8.3 x 10°74) = 1.2 x 10°C 
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Multiple-Choice Questions 


The farad is not equivalent to which of the following combinations of units? 


(a) C/N (c) CV? 
(b) CIV (d) JV? 


The distance between the plates of a parallel-plate capacitor of capacitance C is doubled and their area is halved. 
The capacitor now has a capacitance of 


(a) C/4 (c) 2C 
(b) C (d) 4C 


A parallel-plate capacitor with air between its plates has an energy of W when it is charged until a potential difference 
of V appears across its plates. An otherwise identical capacitor has a material of dielectric constant K = 2 between 
its plates and is also charged to the potential difference V. The energy of the second capacitor is 


(a) W/2 (c) 2W 
(b) W (d) 4W 


A capacitor connected to a 24-V battery has a charge of 0.004 C. Its capacitance is 


(a) 167uF  (c) 167pF 
(b) 60 uF (d) 0.048 F 


The capacitance of a parallel-plate capacitor is 20 UF in air and 42 uF when Teflon is between its plates. Teflon has 
a dielectric constant of 


(a) 048 (c) 21 
(b) 14 (d) 42 


The equivalent resistance of two 20-uF capacitors in series is 


(a) O1NF (c) 30uF 
(b) 10uF (d) 40 uF 


The capacitor combination in Question 26.6 is connected across a 100-V battery. The potential difference across 
each capacitor is 


(a) 25V (c) 100V 
(b) S50V (d) 200V 


The equivalent resistance of two 20-U1F capacitors in parallel is 


(a) O1uF (c) 30uF 
(b) 10uF (d) 40 uF 


The capacitor combination in Question 26.7 is connected across a 100-V battery. The potential difference across 
each capacitor is 


(a) 25V (c) 100V 
(b) 50V (d) 200 V 


A charged 50-uF capacitor has an energy of | J. The voltage across it is 


(a) 141V (ec) 20kV 
(b) 200 V (d) 40kV 
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A total of 2 x 10° C is shifted from one terminal to the other while a storage battery is charged. The potential 
difference between the terminals afterward is 12 V. The energy stored in the battery is 


(a) 17kJ (c) 24MJ 
(b) 24MJ (d) 29MJ 


A storage battery is being charged at a rate of 100 W at a potential difference of 13.6 V. The rate at which charge is 
being shifted between its terminals is 


(a) 0.136 C/s (c) 7.35 C/s 
(b) 0.54 C/s (d) 1360 C/s 


A charged 50-uF capacitor is discharged through a 1.0-kQ resistor. The charge on the capacitor will drop to 37 percent 
of its original value in 


(a) 50ns (c) 25 ms 
(b) 20ms (d) 50ms 


Supplementary Problems 


Verify that RC has the dimensions of time. 

A 10-uF capacitor has a potential difference of 250 V across it. What is the charge on the capacitor? 
A capacitor has a charge of 0.002 C when it is connected across a 100-V battery. Find its capacitance. 
What is the potential difference across a 500-pF capacitor whose charge is 0.3 UC? 


The plates of a parallel-plate capacitor have areas of 40 cm? and are separated by 0.2 mm of waxed paper (K = 2.2). 
Find the capacitance. 


The waxed paper is removed from between the plates of the capacitor of Prob. 26.5. Find the new capacitance. 


The plates of a parallel-plate capacitor of capacitance C are moved closer together until they are half their original 
separation. What is the new capacitance? 


The capacitance of a parallel-plate capacitor is increased from 8 to 50 UF when a sheet of glass is inserted between 
its plates. What is the dielectric constant K of the glass? 


Three capacitors whose capacitances are 5, 10, and 20 WF are connected in series. Find the equivalent capacitance 
of the combination. 


The three capacitors of Prob. 26.9 are connected in parallel. Find the equivalent capacitance of the combination. 
List the capacitance that can be obtained by combining three 10-(1F capacitors in all possible ways. 


A 20- and a25-pF capacitor are connected in parallel, and a potential difference of 100 V is applied to the combination. 
Find the charge on each capacitor and the potential difference across it. 


A 50- and a 75-pF capacitor are connected in series, and a potential difference of 250 V is applied to the combination. 
Find the charge on each capacitor and the potential difference across it. 


A 5-uF capacitor has a potential difference of 1000 V. What is its potential energy? 
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(a) What potential difference must be applied across a 10-UF capacitor if it is to have an energy content of | J? 
(b) What is the charge on the capacitor under these circumstances? 


The dielectric between the plates of a certain 80-uF capacitor has a resistance of 10° Q. If the capacitor is charged 
and then disconnected, how long will it take for the charge on the capacitor to fall to 37 percent of its original value? 


A 5-UlF capacitor is connected to a 100-V battery through a circuit whose resistance is 800 &2. (a) What is the time 
constant of this arrangement? (b) What is the initial current that flows when the battery is connected? (c) What is 
the final charge on the capacitor? 


Find the charge on the capacitor of Prob. 26.17 at 0.001, 0.005, and 0.01 s after the connection to the battery is made. 


The resistance of the dielectric between the plates of the capacitor of Prob. 26.17 is 10 Q. If the capacitor is 
disconnected from the battery, find the charge remaining on it 30 s, 1 min, and 10 min later. 


Answers to Multiple-Choice Questions 


(c) 26.6. (b) 26.11. (b) 
(a) 26.7. (b) ~—- 26.12. (c) 
(c) 26.8. (d) 26.13. (d) 
(c) 26.9%. (c) 


(c) 26.10. (b) 


Answers to Supplementary Problems 


From their definitions, R = V/J = Vt/Q and C = Q/V. Hence RC = (Vt/Q)(Q/V) =t. 


0.0025C 26.11. 3.33 LF; 6.67 UF; 15 UF; 30 UF 


20 uF 26.12. QO, =2x 10°C; Q, =2.5x 10°C; V; =v) = 100V 
600 V 26.13. QO, = 0. =7.5 x 10°C; V; = 150 V; V; = 100 V 

3.9 pF 26.14. 2.5] 

5.9 pF 26.15. (a) 447V (b) 4.47x 103C 

2C 26.16. 8x 10's =22.2h 

6.25 26.17. (a) 0.004s (b) 0.125A (c) 5x 104C 


2.86 LF 26.18. 1.106 x 10-* C; 3.567 x 10-4 C; 4.590 x 10-* C 


35 WF 26.19. 2.744 x 10-4 C; 1.506 x 10-4 C; 3.072 x 10° C 


Magnetism 


NATURE OF MAGNETISM 


Two electric charges at rest exert electric forces on each other according to Coulomb’s law. When the charges 
are in motion, however, the forces are not the same. The differences are customarily said to arise from 
magnetic forces that occur between moving charges in addition to the electric forces between them. As it 
happens, the total force on a charge Q at a certain time and place can always be separated into two parts. One is 
an electric force that depends only on the value of Q, and the other is a magnetic force that depends on both Q 
and the velocity v of the charge. 

Nevertheless there is only a single fundamental interaction between charges, the electromagnetic interaction. 
The theory of relativity provides the link between electric and magnetic forces by showing how the electric force 
between two charges appears altered to an observer when the charges are moving with respect to the observer. 
Thus magnetism is not distinct from electricity in the way that, for instance, gravitation is. Because the electric 
effects the electromagnetic interaction is responsible for are distinct from the magnetic effects, electric and 
magnetic forces can be considered separately and we can think in terms of separate electric and magnetic 
fields. 

Of course, the word magnetic brings to mind ordinary magnets and their ability to attract nearby iron objects 
and, depending on their arrangement, to attract or repel each other. How this behavior is related to magnetic 
forces between moving charges will be considered later. 


MAGNETIC FIELD 


A magnetic field B is present wherever a magnetic force acts on a moving charge. The direction of B at a certain 
place is that along which a charge can move without experiencing a magnetic force; along any other direction 
the charge would be acted on by such a force. The magnitude of B is equal numerically to the force on a charge 
of | C moving at | m/s perpendicular to B. 

The unit of magnetic field is the res/a (T), where 


newton weber 
1 tesla = 1 


ampere-meter - (meter)? 


The gauss (G), equal to 10~* T, is another unit of magnetic field sometimes used. The magnetic field near a 
strong permanent magnet is about 0.1 T. 
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MAGNETIC FIELD OF A STRAIGHT CURRENT 


An electromagnetic field surrounds every electric charge. The electric part is always present, but the magnetic 
part only appears when there is relative motion. In the case of a wire that carries an electric current, only a 
magnetic field is present around it because the wire is electrically neutral. The electric fields of the electrons 
in the wire are canceled out by the opposite electric fields of the positive ions, but the ions are stationary and 
produce no magnetic fields to cancel out the magnetic fields of the moving electrons. If we just move a wire with 
no current in it, the electric and magnetic fields of the electrons are canceled out by the opposite electric and 
magnetic fields of the positive ions. 
The magnetic field a distance s from a long, straight current J has the magnitude 


Ge )(G) = 
B=({(—]{- straight current 
2m] \s 


where jz is the permeability of the medium in which the magnetic field exists. The permeability of free space j1o 
has the value 


Lo = 4 x 1077 T-m/A = 1.257 x 107° T-m/A 


The value of ju in air is very nearly the same as //o and is usually considered as equal to Zo. 

The field lines of the magnetic field around a straight current are in the form of concentric circles around the 
current. To find the direction of B, place the thumb of the right hand in the direction of the current; the curled 
fingers of that hand then point in the direction of B (Fig. 27-1). 


B 


=e F Bee — 


Fig. 27-1 


SOLVED PROBLEM 27.1 
In what ways are electric and magnetic fields similar? In what ways are they different? 


Similarities: Both fields originate in electric charges, and both fields can exert forces on electric charges. 

Differences: All electric charges give rise to electric fields, but only a charge in motion relative to an observer 
gives rise to a magnetic field. Electric fields exert forces on all charges, but magnetic fields exert forces only on 
moving charges. 


SOLVED PROBLEM 27.2 


Acable 5 m above the ground carries a current of 100 A from east to west. Find the direction and magnitude 
of the magnetic field on the ground directly beneath the cable. (Neglect the earth’s magnetic field.) 


From the right-hand rule, the direction of the field is south. The magnitude of the field is 


Fe (4) (4) _ (4x x 1077 T-m/A)(100 A) 


4x 10° T 
(27) (5 m) 


Ss 


SOLVED PROBLEM 27.3 


Two parallel wires 10 cm apart carry currents of 8 A in the same direction. What is the magnetic field 
halfway between them? 


The magnetic field halfway between the wires is zero because the fields of the currents are opposite in direction 
and have the same magnitude there. 
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SOLVED PROBLEM 27.4 


Two parallel wires 10 cm apart carry currents of 8 A in opposite directions. What is the magnetic field 
halfway between them? 


Here the magnetic fields of the two currents are in the same direction and hence add. Sinces = Scm= 5x 10-7m 
halfway between the wires, the field of each current there is 


7 (2) (4) _ (4m x 10-7 T-m/A)(8 A) 


=3.2x10°T 
(27)(5 x 10-2 m) 


S 


and the total field is 2B = 6.4 x 10> T. 


MAGNETIC FIELD OF A CURRENT LOOP 


The magnetic field at the center of a current loop of radius r has the magnitude 


I 
B=[{-][- current loop 
2/\r 


The field lines of B are perpendicular to the plane of the loop, as shown in Fig. 27-2(a). To find the direction 
of B, grasp the loop so the curled fingers of the right hand point in the direction of the current; the thumb of that 
hand then points in the direction of B [Fig. 27-2(b)]. 


2 


| (b) 
Fig. 27-2 


A solenoid is a coil consisting of many loops of wire. If the turns are close together and the solenoid is long 
compared with its diameter, the magnetic field inside it is uniform and parallel to the axis with magnitude 


N . 
B= Z I solenoid 


In this formula N is the number of turns, L is the length of the solenoid, and / is the current. The direction of B 
is as shown in Fig. 27-3. 


N turns 
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SOLVED PROBLEM 27.5 


A 100-turn flat circular coil has a radius of 5 cm. Find the magnetic field at the center of the coil when 
the current is 4 A. 


Each turn of the coil acts as a separate loop in contributing to the total magnetic field. If there are N turns, the 
result is a field N times stronger than each turn produces by itself. Hence 


R= (#)(“) _ (Am x 10-7 T-m/A)(100)(4 A) _ 


1.6 x 10° T 
Qn (27)(5 x 10-2 m) 


r 


EARTH’S MAGNETIC FIELD 


The earth has a magnetic field that arises from electric currents in its liquid iron core. The field is like that which 
would be produced by a current loop centered a few hundred miles from the earth’s center whose plane is tilted 
by 11° from the plane of the equator (Fig. 27-4). The geomagnetic poles are the points where the magnetic axis 
passes through the earth’s surface. The magnitude of the earth’s magnetic field varies from place to place; a 
typical sea-level value is 3 x 10~> T. 


North geomagnetic pole 


Axis of 
rotation 


Current loops 
in earth's core 


South geomagnetic pole 


Fig. 27-4 


SOLVED PROBLEM 27.6 


A solenoid 0.2 m long has 1000 turns of wire and is oriented with its axis parallel to the earth’s magnetic 
field at a place where the latter is 2.5 x 10~> T. What should the current in the solenoid be in order that 
its field exactly cancel the earth’s field inside the solenoid? 


The magnetic field inside an air-core solenoid is 


B= Ny 
=e 


Here N = 10°, L = 0.2m, and B = 2.5 x 10° T, so 


BL (2.5x 10-5 T)(0.2 m) 
f= - = 0.004 A 
oN (4)(10-7 T-m/A)(103) 
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MAGNETIC FORCE ON A MOVING CHARGE 


The magnetic force on a moving charge Q in a magnetic field varies with the relative directions of v and B. If 
the angle between v and B is @, as in Fig. 27-5(a), the force is 


F = QvBsin@é 
When v is parallel to B, 6 = 0 and sind = 0, so 
F=0 v||B 
When v is perpendicular to B, as in Fig. 27-5(b), 6 = 90° and sin 6 = I, so 
F=QvB viB 


The direction of F in the case of a positive charge is given by the right-hand rule, shown in Fig. 27-5(c); F is in 
the opposite direction when the charge is negative. 


(a) 


Fig. 27-5 


MAGNETIC FORCE ON A CURRENT 


Since a current consists of moving charges, a current-carrying wire will experience no force when parallel to a 
magnetic field B and maximum force when perpendicular to B. In the latter case, F has the value 


F=ILB ILB 


where J is the current and L is the length of wire in the magnetic field. The direction of the force is as shown in 
Fig. 27-6. In the general case, when the angle between I and Bis 6, F = JLBsin@. 

Owing to the different forces exerted on each of its sides, a current loop in a magnetic field always tends to 
rotate so that its plane is perpendicular to B. This effect underlies the operation of all electric motors. 


Fig. 27-6 
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FORCE BETWEEN TWO CURRENTS 


Two parallel electric currents exert magnetic forces on each other (Fig. 27-7). If the currents are in the same 
direction, the forces are attractive; if the currents are in opposite directions, the forces are repulsive. The force 
per unit length F'/Z on each current depends on currents J; and Jy and their separation s: 


F Lo \ (lib 
= parallel currents 
L 20 Ky 


ii a 
I, I 


L L 
Vr ty 


Fig. 27-7 


SOLVED PROBLEM 27.7 


A positive charge is moving virtually upward when it enters a magnetic field directed to the north. In 
what direction is the force on the charge? 


To apply the right-hand rule here, the fingers of the right hand are pointed north and the thumb of that hand is 
pointed upward. The palm of the hand faces west, which is therefore the direction of the force on the charge. 


SOLVED PROBLEM 27.8 


A proton is moving in a uniform magnetic field. Describe the path of the proton if its initial direction is 
(a) parallel to the field, (b) perpendicular to the field, and (c) at an intermediate angle to the field. 


(a) There is no magnetic force on the proton, so it continues to move in a straight line [Fig. 27-8(a)]. 


(b) The force on the proton is perpendicular to it velocity v and also perpendicular to B; hence it moves in a circle, 
as in Fig. 27-8(b). 


(c) The proton moves in the helical path of Fig. 27-8(c) because the component of v parallel to B is not changed 
while the component of v perpendicular to B leads to an inward force, as in (b). 


aa 
e—- 
(a) (b) (c) 
Fig. 27-8 
SOLVED PROBLEM 27.9 


A charged particle moving perpendicular to a uniform magnetic field follows a circular path. Find the 
radius of the circle. 
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The magnetic force Qv B in the particle provides the centripetal force mv?/r that keeps it moving ina circle of 
radius r. Hence 


Fnagnetic = PF eentripetal 


my2 


QvB = — 
: 


mv 

QB 

The radius is directly proportional to the particle’s momentum mv and inversely proportional to its charge Q and the 
magnetic field B. 


SOLVED PROBLEM 27.10 


Show that a current-carrying wire loop experiences a torque in a magnetic field provided the plane of the 
loop is not perpendicular to the field. 


Figure 27-9(a) shows a current-carrying loop whose plane is parallel to a magnetic field B. Sides A and C of 
the loop are parallel to B, and so no magnetic force acts on them. Sides B and D are perpendicular to B, however, 
and each experiences the force shown. Since Fz is opposite in direction to Fp along different lines of action, they 
produce a torque on the loop. Such a torque will occur even if the plane of the loop is not parallel to B, although it 
will then be smaller since the moment arm will be shorter, provided the plane is not perpendicular to B. 

In Fig. 27-9(b), the plane of the loop is perpendicular to B. Now F, and Fc are equal and opposite along the 
same line of action, as are Fz and Fp, so there is no net torque on the loop. 


Fig. 27-9 


SOLVED PROBLEM 27.11 
Briefly describe the operation of a simple direct-current electric motor. 


Figure 27-10 shows a simple dc electric motor in which a wire loop rotates in the magnetic field of a permanent 
magnet. The direction of rotation with the current as shown is clockwise. To produce continuous movement, the 
current in the wire loop must be reversed when the loop is vertical. The reversed current then interacts with the 
magnetic field to coninue to turn the loop clockwise through a half-turn. Now the current must be reversed again, and 
so forth. The device used to automatically change the current direction is called the commutator; it is visible on the 
shaft of a dc motor as a copper sleeve divided into segments. Often electromagnets rather than permanent magnets 
are used to create the magnetic field, and in some motors the coil is fixed and the magnet or magnets rotate inside it. 
Normally more than one loop is used to give the maximum continuous torque. Ac motors do not need commutators 
because the current changes direction back and forth many times per second. 
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Magnet 


Commutator 


Magnetic field of Current 


magnet oe Ww 


Fig. 27-10. (From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw- 
Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


SOLVED PROBLEM 27.12 


A stream of protons is moving parallel to a stream of electrons. Do the streams tend to come together or 
to move apart? 


The electric force between the streams is attractive, but the magnetic force is repulsive because the charges are 
opposite. Which of the forces is stronger depends on how fast the particles are moving. 


SOLVED PROBLEM 27.13 


In a certain electric motor wires that carry a current of 5 A are perpendicular to a magnetic field of 0.8 T. 
What is the force on each centimeter of these wires? 


F =ILB = (5 A)(0.01 m)(0.8 T) = 0.04N 


SOLVED PROBLEM 27.14 


The wires that supply current to a 120-V, 2-kW electric heater are 2 mm apart. What is the force per 
meter between the wires? 


Since P = /V, the current in the wires is 


Since s = 2mm = 2 x 107? m, the force between the wires is 


= 0.028 N/m 


L \2n (2)(2 x 10-3 m) 


3 (2) (a2) _ (4m x 1077 T-m/A)(16.7 A? 
AY 


The currents are in opposite directions, so the force is repulsive. 
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FERROMAGNETISM 


The magnetic field produced by a current is altered by the presence of a substance of any kind. Usually the 
change, which may be an increase or a decrease in B, is very small, but in certain cases there is an increase in B 
by hundreds or thousands of times. Substances that have the latter effect are called ferromagnetic; iron and iron 
alloys are familiar examples. An electromagnet is a solenoid with a ferromagnetic core to increase its magnetic 
field. 

Ferromagnetism is a consequence of the magnetic properties of the electrons that all atoms contain. An 
electron behaves in some respects as though it is a spinning charged sphere, and it is therefore magnetically 
equivalent to a tiny current loop. In most substances the magnetic fields of the atomic electrons cancel, but in 
ferromagnetic substances the cancellation is not complete and each atom has a certain magnetic field of its own. 
The atomic magnetic fields align themselves in groups called domains with an external magnetic field to produce 
a much stronger total B. When the external field is removed, the atomic magnetic fields may remain aligned to 
produce a permanent magnet. The field of a bar magnet has the same form as that of a solenoid because both 
fields are due to parallel current loops (Fig. 27-11). 


= 


Fig. 27-11 


MAGNETIC INTENSITY 


A substance which decreases the magnetic field of a current is called diamagnetic; it has a permeability jz that is 
less than jo. Copper and water are examples. A substance which increases the magnetic field of a current by a 
small amount is called paramagnetic; it has a permeability jz that is greater than 49. Aluminum is an example. 
Ferromagnetic substances have permeabilities hundreds or thousands of times greater than 49. Diamagnetic 
substances are repelled by magnets; paramagnetic and ferromagnetic ones are attracted by magnets. 

Because different substances have different magnetic properties, it is useful to define a quantity called 
magnetic intensity H which is independent of the medium in which a magnetic field is located. The magnetic 
intensity in a place where the magnetic field is B and the permeability is ~ is given by 

B 


H=— 
lL 


magnetic field 


Magnetic intensity = = : 
permeability of medium 
The unit of H is the ampere per meter. Magnetic intensity is sometimes called magnetizing force or magnetizing 
field. 
The permeability of a ferromagnetic material at a given value of H varies both with H and with the previous 
degree of magnetization of the material. The latter effect is known as hysteresis. 


SOLVED PROBLEM 27.15 


The ends of a bar magnet are traditionally called its poles, with the end that tends to point north called the 
north pole and the end that tends to point south called the south pole. Like poles of nearby magnets repel 
each other, and unlike poles attract. Explain this behavior in terms of the interaction of current loops. 
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Bar magnets with poles facing each other are equivalent to parallel current loops whose currents are in opposite 
directions [Fig. 27-12(a)]. Such loops repel. Bar magnets with opposite poles facing each other are equivalent to 
parallel current loops whose current loops are in the same direction [Fig. 27-12(b)]. Such loops attract. 


Blex< BB 
“ ~~ “SY 


Like poles repel Parallel loops with opposite currents repel 


) 
) 


n 
Z 
Zi 
i 
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>6-8< —3e— 
Unlike poles attract Parallel loops with similar currents attract 
(b) 
Fig. 27-12 


SOLVED PROBLEM 27.16 
How does a permanent magnet attract an unmagnetized iron object? 


The presence of the magnet induces the atomic magnets in the object to line up with its field (Fig. 27-13), and 
the attraction of opposite poles then produces a net force on the object. 


ay Se 
Le 


en | 


Fig. 27-13 


SOLVED PROBLEM 27.17 


An unmagnetized iron rod is placed inside a solenoid. The current in the solenoid is then increased 
from zero to a maximum in one direction, decreased back to zero, increased to a maximum in the other 
direction, brought back to zero, and so on. Plot B versus H for the iron rod, and discuss the shape of the 
resulting curve. 


The required curve is shown in Fig. 27-14. At a, both H and B are 0. As H increases, B increases slowly at 
first, then rapidly, and finally levels off at a maximum value at b. The rod is now saturated, and a further increase 
in H will not change B. Saturation occurs when all the magnetic domains in the rod are aligned with H. The curve 
from a to b is called the magnetization curve of the material. 

When H is brought back to 0 from H;,, B lags behind so that B = B, at point c when H = 0. This is an example 
of hysteresis. The value of B, is called the retentivity of the material. To demagnetize the rod completely, H must 
be reversed in direction and increased to Hy, the coercive force. The greater the retentivity, the stronger the residual 
magnetization of the rod; the greater the coercive force, the better able the rod will be to keep its magnetization 
despite the presence of strong magnetic fields. Thus a good material for a permanent magnet should have both a high 
retentivity and a high coercive force. 
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Fig. 27-14 


Increasing — H beyond d produces an increasing — B until the rod saturates again at e, where B, = —B,. When 
H is returned to 0, again B lags behind and this time has the value By at H = 0, where By = B.. Increasing H then 
returns B to B, to complete the hysteresis loop bcdefgb. 

The area enclosed by a hysteresis loop is proportional to the energy dissipated as heat during each magnetization 
cycle. A broad hysteresis loop with high values of retentivity and coercive force is characteristic of a suitable material 
for a permanent magnet, since a great deal of work must be done to change its magnetization. However, a material 
with a narrow hysteresis loop is better for such applications as transformer cores which must undergo frequent 
reversals in magnetization; the smaller the area of the loop, the greater the efficiency of the transformer. 


SOLVED PROBLEM 27.18 
How can a magnetized piece of iron be demagnetized? 


One method is to heat the iron, since all ferromagnetic materials lose their ability to retain magnetization 
beyond a certain temperature, which is about 760°C in the case of iron. Another method is to bring the iron through 
a succession of hysteresis loops of smaller size, as in Fig. 27-15. To do this, the iron can be placed in a solenoid 
connected to a source of alternating current, and then the current is gradually decreased to zero. 


Fig. 27-15 
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SOLVED PROBLEM 27.19 


A sample of cast iron exhibits a magnetic field of B = 0.50 T when the magnetic intensity is H = 10 A/m. 
(a) Find the permeability of cast iron at this value of H. (b) What would the field be in air at this value 
of H? 


(a) 2 me 0.05 T-m/A 
a — = 0. 2 
Y= 10 Alm 
_, T-m A _é 
(b) B= wuoH = | 4x2 x 10 © — 10 — } = 1.257 x 10° T 
A m 


SOLVED PROBLEM 27.20 


27.1. 


27.2. 


27.3. 


27.4. 


27.5. 


A solenoid 20 cm long is wound with 300 turns of wire and carries a current of 1.5 A. (a) What is the 
magnetic intensity H inside the solenoid? (b) What should the permeability of the core at this value of 
H be so that the magnetic field inside is 0.6 T? How many times greater than jv is this? 


(a) eee ay (1.5 A) = 2250 A/ 
- Ee Np ee - 
(b) Ba Ot = 2.67 x 107+ T-m/A 

H 2250Am ~~ 


2.67 x 104 T-m/A 


= = 212 
Lo 4a x 10-7 T-m/A 


Multiple-Choice Questions 


There is no interaction between a magnetic field and a 


(a) stationary electric charge (c) stationary magnet 
(b) moving electric charge (d) moving magnet 


When an observer moves past a stationary electric charge, she detects 


(a) only an electric field 

(b) only a magnetic field 

(c) both an electric and a magnetic field 

(d) any of the above, depending on her velocity 


Neglecting the earth’s magnetic field, the direction of the magnetic field below a power cable in which a current is 
flowing north is 


(a) north (c) south 
(b) east (d) west 


The magnetic field lines around a long, straight current are 


(a) straight lines parallel to the current 

(b) straight lines that radiate from the current like spokes of a wheel 
(c) concentric circles around the current 

(d) concentric helixes around the current 


The magnetic field inside a current-carrying solenoid 


(a) isO (c) decreases away from the axis 
(b) is uniform (d) increases away from the axis 
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27.6. 


27.7. 


27.8. 


27.9. 


27.10. 


27.11. 


27.12. 


27.13. 


27.14. 


The following statements concern the magnetic field of a solenoid that has an iron core. Which one or more of them 
are not always true? 


(a) B=Owhen/ =0 

(b) B increases when J increases 

(c) B decreases when / decreases 

(d) The direction of B changes when the direction of J changes 


When a moving charged particle enters a uniform magnetic field in a direction parallel to the field lines, the 
particle’s 


(a) direction is changed 

(b) velocity magnitude is changed 
(c) energy is changed 

(d) motion is unaffected 


When a moving charged particle enters a uniform magnetic field in a direction perpendicular to the field lines, the 
particle’s 


(a) direction is changed (c) energy is changed 
(b) velocity magnitude is changed (d) motion is unaffected 


When a current-carrying wire loop is a magnetic field, it tends to turn so as to bring the plane of the loop 


(a) parallel to the field 

(b) perpendicular to the field 

(c) ata45° angle to the field 

(d) any of the above, depending on the strength and direction of the current 


If we travel around the earth, we would find that the earth’s magnetic field 


(a) is the same in direction and magnitude everywhere 
(b) varies in direction but not in magnitude 

(c) varies in magnitude but not in direction 

(d) varies in both magnitude and direction 


A long, straight wire carries a current of 1.2 A. The magnetic field 8.0 mm from the wire is 


(a) 3.0x10-°T (c) 3.6x10°>T 
(b) 3.0x10°T (d) 1.9x104T 


A 200-turn solenoid is 40 mm long. If the magnetic field inside it is to be 0.010 T, the current it carries 
should be 


(a) 16A (ce) 16x10°A 
(b) 251A (d) 40x 107A 


A magnetic force of 0.08 N acts on each centimeter of a wire that carries a 20-A current in an electric motor. If the 
wire is perpendicular to the magnetic field in the motor, the magnitude of the field is 


(a) 0.004T (c) 04T 
(b) 0.016T (d) 40T 


Two parallel wires 800 cm long are 5 cm apart and carry currents of 20 A each in the same direction. Each wire 
exerts a force on the other of 


(a) 1.6 x 10-°N, attractive (c) 1.6x 107N, repulsive 
(b) 1.3 x 10-7 N, attractive (d) 1.3 x 107N, repulsive 
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27.1. 


27.2. 


27.3. 


27.4. 


27.5. 


27.6. 


27.7. 


27.8. 


27.9. 


27.10. 


27.11. 


27.12. 


27.13. 


27.14. 


27.15. 


27.16. 


27.17. 


27.18. 


27.19. 
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Supplementary Problems 


An observer is able to measure electric, magnetic, and gravitational fields. Which of these does she detect when 
(a) a proton moves past her, and (b) she moves past a proton? 


A beam of electrons that are moving slowly at first are accelerated to higher and higher velocities. What happens to 
the diameter of the beam as this happens? 


An electric current is flowing south along a power line. What is the direction of the magnetic field above it? 
Below it? 


A charged particle moves through a magnetic field perpendicular to B. Is the particle’s energy affected? Is its 
momentum? 


In a sketch of magnetic lines of force, what is the significance of lines of force that are closer in a particular region 
than they are elsewhere? 


A negative charge is moving west when it enters a magnetic field directed vertically downward. In what direction is 
the force on the charge? 


A wire carrying a current is placed in a magnetic field B. (a) Under what circumstances, if any, will the force on the 
wire be zero? (b) Under what circumstances will the force on the wire be a maximum? 


Under what circumstances, if any, does a current-carrying wire loop not tend to rotate in a magnetic field? 
The magnetic field 5 cm from a certain straight wire is 10~* T. Find the current in the wire. 


How far away from a compass should a wire carrying a 1-A current be located if its magnetic field at the compass 
is not to exceed 1 percent of the earth’s magnetic field, which is typically 3 x 10~> T? 


Two parallel wires 20 cm apart carry currents of 5 A in the same direction. Find the magnetic field between the wires 
5 cm from one of them and 15 cm from the other. 


What should the current be in a wire loop | cm in radius if the magnetic field in the center of the loop is to be 0.01 T? 
What is the magnetic field inside a solenoid wound with 20 turns per centimeter when the current in it is 5 A? 


An electron in a television picture tube travels at 3 x 10’ m/s. Does the earth’s gravitational field or its magnetic 
field exert the greater force on the electron? Assume v is perpendicular to B. 


(a) A wire 1 m long is perpendicular to a magnetic field of 0.01 T. What is the force on the wire when it carries a 
current of 10 A? (b) What is the force on the wire when it is parallel to the magnetic field? 


A horizontal wire 10 cm long whose mass is | g is to be supported magnetically against the force of gravity. The 
current in the wire is 10 A and goes from north to south. (a) What should be the direction of the magnetic field? 
(b) What should its magnitude be? 


The starting motor of a certain car is connected to the battery by a pair of cables that are 8 mm apart for a distance 
of 50 cm. Find the force between the cables when the current is 100 A. 


An alternating current that varies with time according to the formula J = Jax sin wt is sent through a solenoid with 
an iron core. (a) Does the magnetic intensity in the core also vary sinusoidally with time? (b) Does the magnetic 
field? 


The magnetic intensity H inside an air-core solenoid 25 cm long that is wound with 300 turns of wire is 600 A/m. 
(a) What is the current in the solenoid? (b) What is the magnetic field B inside the solenoid? 
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27.20. 


27.21. 


27.1. 


27.2. 


27.3. 


27.4. 


27.5. 


27.6. 


27.7. 


27.1. 


27.2. 


27.3. 


27.4. 


27.5. 


27.6. 


27.7. 


27.8. 


27.9. 


27.10. 


27.11. 


An air-core solenoid wound with 20 turns/cm carries a current of 0.1 A. (a) Find H and B inside the solenoid. 
(b) An iron core whose permeability is 6 x 10-3 T-m/A is inserted in the solenoid. Find H and B now. 


A sample of carbon steel has a permeability of 0.01 T-m/A when the magnetic intensity is 75 A/m. (a) Find the 
magnetic field in the sample at this value of H. (b) Find the field at this value of H. 


Answers to Multiple-Choice Questions 


(a) 27.8. (a) 
(c) 27.9. (b) 
(d) 27.10. (d) 
(c) 27.11. (b) 
(b) 27.12. (a) 


(a), (b), (c), (d) 27.13. (c) 


(d) 27.14. (b) 


Answers to Supplementary Problems 


All three fields are detected in both cases. 


At first the mutual electric repulsion of the electrons causes the beam diameter to increase, but as they go faster the 
magnetic attraction becomes more significant and the beam diameter decreases. 


West; east 

The particle’s energy is not changed since the magnetic force on it is perpendicular to its direction of motion, and 
so no work is done on it by the field. The particle’s direction changes, however, and hence its momentum, which is 
a vector quantity, also changes. 

The closer the lines of force are drawn in a particular region, the stronger the field there. 

To the north 

(a) When the wire is parallel to B (b) When it is perpendicular to B 

Such a loop does not tend to rotate when its plane is perpendicular to the direction of the magnetic field. 

25A 


67cm 


Since the fields are in opposite directions, B = 2 x 10-> T — 0.67 x 10-5 T= 1.33 x 10° T. 
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159A 

1.26 x 10°? T 

The magnetic force ev B is more than 10!* times greater than the gravitational force mg. 
(a) O.1N (b) 0 


(a) The direction of the field should be toward the west so that the force on the wire is upward. 
(b) 9.8 x 1073 T 


0.125 N; the force is repulsive 

(a) Yes (b) No 

(a) OSA (b) 7.54 x 10-4 T 

(a) 200 A/m; 2.51 x 10-4 T (b) 200 A/m; 1.2 T 


(a) 0.75T  (b) 9.4x105T 


CHAPTER 28 


Electromagnetic 
Induction 


ELECTROMAGNETIC INDUCTION 


A current is produced in a conductor whenever it cuts across magnetic field lines, a phenomenon known as 
electromagnetic induction. If the motion is parallel to the field lines of force, there is no effect. Electromagnetic 
induction originates in the force a magnetic field exerts on a moving charge: When a wire moves across a magnetic 
field, the electrons it contains experience sideways forces which push them along the wire to cause a current 
(see Fig. 27-5). It is not even necessary for there to be relative motion of a wire and a source of magnetic field, 
since a magnetic field whose strength is changing has moving field lines associated with it and a current will be 
induced in a conductor that is in the path of these moving field lines. 

When a straight conductor of length / is moving across a magnetic field B with the velocity v, the emf 
induced in the conductor is given by 


Induced emf = V = Blv 


when B, y, and the conductor are all perpendicular to one another. Figure 28-1 shows the right-hand rule for the 
direction of an induced current. 


v 


alt 


Induced B 
current I 


Fig. 28-1. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 
FARADAY’S LAW 


Figure 28-2 shows a coil (called a solenoid) of N turns that encloses an area A. The axis of the coil is parallel 
to.a magnetic field B. The quantity BA is called the magnetic flux enclosed by the coil and is denoted by the 
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Cross-sectional area A 


Fig. 28-2 


symbol ® (Greek capital letter phi): 


®=BA 


Magnetic flux = (magnetic field)(cross-sectional area) 


The unit of magnetic flux is the weber (Wb), where 1 Wb = 1 T-m?. According to Faraday’s law of electromag- 
netic induction, the emf induced in the coil when the magnetic flux through it changes by A@® in the time At is 
given by 

A® 


Induced emf = V = —N —— 
At 


LENZ’S LAW 


The minus sign in Faraday’s law is a consequence of Lenz’s law: An induced current is always in such a direction 
that its own magnetic field acts to oppose the effect that created it. For example, if B is decreasing in magnitude in 
the situation of Fig. 28-2, the induced current in the coil will be counterclockwise in order that its own magnetic 
field will add to B and so reduce the rate at which B is decreasing. Similarly, if B is increasing, the induced 
current in the coil will be clockwise so that its own magnetic field will subtract from B and thus reduce the rate 
at which B is increasing. 


SOLVED PROBLEM 28.1 


The vertical component of the earth’s magnetic field in a certain region is 3 x 10~> T. What is the potential 
difference between the rear wheels of a car, which are 1.5 m apart, when the car’s velocity is 20 m/s? 


The rear axle of the car may be considered as a rod 1.5 m long moving perpendicular to the magnetic field’s 
vertical component. The potential difference between the wheels is therefore 


V = Blv = (3 x 10> T)(1.5 m)(20 m/s) = 9 x 10-7 V=0.9 mV 


SOLVED PROBLEM 28.2 


A square wire loop 8 cm on a side is perpendicular to a magnetic field of 5 x 107? T. (a) What is the 
magnetic flux through the loop? (b) If the field drops to 0 in 0.1 s, what average emf is induced in the 
loop during this time? 


(a) The area of the loop is 


= (8 cm)(8 cm) 


= 400 camer? = 0.0064 m? = 6.4 x 1073 m? 
c m 
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The flux through the loop is 
® = BA= (5x 10° T)(6.4 x 1073 m?) = 3.2 x 107° Wb 


(b) Since N = 1 fora single turn, we have from Faraday’s law (disregarding the minus sign) 


a A® =) 3.2 x 107° Wb 
= t 0.1 s 


mn )=32«104V 


SOLVED PROBLEM 28.3 


A 100-turn coil whose resistance is 6 Q encloses an area of 80 cm”. How rapidly should a magnetic field 
parallel to its axis change to induce a current of 1 mA in the coil? 


The required emf here is 
V=/R= (10° A)\(6Q2)=6x 10° V 


and the coil’s area is 


80 cm? 


= ———_ = 8x 10°? 
(100 cm/m)2 


Since A is constant here, 


A(BA) AB 
V.=N = NA — 
At At 
ABV, 6x 103V 
and = = — = 0.0075 T/s 
At NA (100)(8 x 10-3 m2) 
THE TRANSFORMER 


A transformer consists of two coils of wire, usually wound on an iron core. Figure 28-3 shows an idealized 
transformer. When an alternating current is passed through one of the windings, the changing magnetic field it 
gives rise to induces an alternating current in the other winding. The potential difference per turn is the same in both 


Nj N2Q 


Fig. 28-3 
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primary and secondary windings, so the ratio of turns in the winding determines the ratio of voltages across them: 


Vv M 
V2 Np 
Primary voltage primary turns 


Secondary voltage secondary turns 


Since the power J; V; going into a transformer must equal the power Jy V2 going out, where J; and J) are the 
primary and secondary currents, respectively, the ratio of currents is inversely proportional to the ratio of turns: 


I _ No 
ho M 
Primary voltage secondary turns 
Secondary voltage _ primary turns 


SOLVED PROBLEM 28.4 


Alternating current is in wide use chiefly because its voltage can be so easily changed by a transformer. 
Since P = IV, we see that for given power P the higher the voltage, the lower the current, and vice versa. 
In transmitting electric energy through long distances, a small current is desirable in order to minimize 
energy loss to heat, which is equal to J7R where R is the resistance of the transmission line. However, 
both the generation and the final use of electric energy are best accomplished at moderate potential 
differences. Hence electricity is typically generated at 10,000 V or so, stepped up by transformers at 
the power station to 500,000 V or even more for transmission, and near the point of consumption other 
transformers reduce the potential difference to 240 or 120 V. To verify the advantage of high-voltage 
transmission, find the rate of energy loss to heat when a 5-Q cable is used to transmit | kW of electricity 
at 100 V and at 100,000 V. 


Since P = IV, the currents in the cable are, respectively, 


P1000 W P1000 W 
== =10A eS 
Vi 100V Vs 100,000 V 


The rates of heat production per kilowatt are, respectively, 


I, =0.01A 
IR = (10 A)*(5 Q) = 500 W 
1,R = (0.01 A)?(5 Q) = 0.0005 W = 5 x 10+ W 
Transmission at 100 V therefore means 10°—1 million—times more energy lost as heat than does transmission at 
100,000 V. 
SOLVED PROBLEM 28.5 


A transformer has 100 turns in its primary winding and 500 turns in its secondary winding. If the primary 
voltage and current are, respectively, 120 V and 3 A, what are the secondary voltage and current? 


Np 500 turns 
= — V, = | ——— _]} (120 V) = 600 V 
"3 Ni ; (> mm) a 
I = _ 100 turns (3A) =0.6A 
>No | \ 500 turns ai 


SOLVED PROBLEM 28.6 


A transformer rated at a maximum power of 10 kW is used to connect a 5000-V transmission line to a 
240 V circuit. (a) What is the ratio of turns in the windings of the transformer? (b) What is the maximum 
current in the 240-V circuit? 
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NM Vi _ 5000V 


(a) uu wy 
(b) Since P = IV, here 
P 10,000 W 
h=— = — =41..7A 
Vy 240 V 


SOLVED PROBLEM 28.7 


A transformer connected to a 120-V alternating-current (ac) power line has 200 turns in its primary 
winding and 50 turns in its secondary winding. The secondary is connected to a 100-Q light bulb. How 
much current is drawn from the 120-V power line? 


The voltage across the secondary is 


Y= 


Ny ( 50 turns 
= 


(120 V) = 30 V 
Ni 200 turns 


and so the current in the secondary circuit is 


Hence, the current in the primary circuit is 


i= 


Ny, ( 50 turns 


9 (0.3 A) = 0.075 A 
Ni 200 turns 


SELF-INDUCTANCE 


When the current in a circuit changes, the magnetic field enclosed by the circuit also changes, and the resulting 
change in flux leads to a self-induced emf of 


. Al 
Self-induced emf = V = —L — 
At 
Here AJ/At is the rate of change of the current, and L is a property of the circuit called its self-inductance, 
or, more commonly, its inductance. The minus sign indicates that the direction of V is such that it opposes the 
change in current AJ that created it. 
The unit of inductance is the henry (H). A circuit or circuit element that has an inductance of 1 H will have 
a self-induced emf of | V when the current through it changes at the rate of 1 A/s. Because the henry is a rather 
large unit, the millihenry and microhenry are often used, where 


1 millihenry = 1 mH = 10°7H 
1 microhenry = 1 pH = 10°°H 


A circuit element with inductance is called an inductor. A solenoid is an example of an inductor. The 
inductance of a solenoid is 


N2A 
b= 


where jz is the permeability of the core material, N is the number of turns, A is the cross-sectional area, and / is 
the length of the solenoid (Fig. 28-4). 
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N turns 
akashes yyy) 
I 
I > 


Fig. 28-4. (From Arthur Beiser, Schaum’s Outline of Basic Mathematics for Electricity and Electronics, 2nd Ed., 
©1993, The McGraw-Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


SOLVED PROBLEM 28.8 
Find the inductance in air of a 500-turn solenoid 10 cm long whose cross-sectional area is 20 cm?. 


_ poN?A _ (1.26 x 10~° H/m)(500)?(2 x 10-3 m?) 


= 63x 10>H=6.3 mH 
i 10-' m ‘i = 


L 


SOLVED PROBLEM 28.9 


A solenoid 20 cm long and 2 cm in diameter has an inductance of 0.178 mH. How many turns of wire 
does it have? 


The radius of the solenoid is r = 1 cm = 0.01 m, and so its cross-sectional area is 
A=ar* = (x)(0.01 m)* = 3.14 x 10°77 


Since L = ftoN7A/1 in air, 


Ll (0.178 x 10-3 H)(0.2 m) 
N= = = 300 turns 
[oA (42 x 10-7 T-m/A)(3.14 x 10-4 m?) 


SOLVED PROBLEM 28.10 


An inductor consists of an iron ring 5 cm in diameter and 1 cm? in cross-sectional area that is wound 
with 1000 turns of wire. If the permeability of the iron is constant at 400 times that of free space at the 
magnetic intensities at which the inductor will be used, find its inductance. 


An inductor of this kind is essentially a solenoid bent into a circle. The length of the equivalent solenoid is 
therefore 


1 = 2d = (x)(0.05 m) = 0.157 m 


and its cross-sectional area is A = 1 cm?/(100 cm/m)? = 10~* m?. The permeability of the core is 4 = 400 jo. The 
inductance of this inductor is therefore 

_ pN7A _ (400) (4 x 10-7 T-m/A)(10°)?(10~4 m7) 
a a 0.157m 


L 


= 0.32H 


SOLVED PROBLEM 28.11 


The current in a circuit falls from 5 to | Ain 0.2 s. If an average emf of 2 V is induced in the circuit while 
this is happening, find the inductance of the circuit. 


Since V, = —L AI/At, we have (disregarding the minus sign) 


1 _ Vet _ QVO.1s) 


= = 0.05 H 
Al SA-1A 


CHAP. 28] ELECTROMAGNETIC INDUCTION 341 


INDUCTORS IN COMBINATION 


When two or more inductors are sufficiently far apart for them not to interact electromagnetically, their equivalent 
inductances when they are connected in series and in parallel are as follows: 


L=L1,+12.4+L13+::: inductors in series 


1 1 1 1 
oo mG + L, +--+ inductors in parallel 


Connecting coils in parallel reduces the total inductance to less than that of any of the individual coils. This is 
rarely done because coils are relatively large and expensive compared with other electronic components; a coil 
of the required smaller inductance would normally be used in the first place. 

Because the magnetic field of a current-carrying coil extends beyond the inductor itself, the total inductance 
of two or more connected coils will be changed if they are close to one another. Depending on how the coils are 
arranged, the total inductance may be larger or smaller than if the coils were farther apart. This effect is called 
mutual inductance and is not considered in the above formula. 


SOLVED PROBLEM 28.12 
Find the equivalent inductances of a 5- and an 8-mH inductor when they are connected (a) in series and 
(b) in parallel. 
(a) L=L,+L.+L;=5mH+8 mH = 13 mH 
1 1 1 1 1 
(b) =—}+—= dh L = 3.08 mH 


ENERGY OF A CURRENT-CARRYING INDUCTOR 


Because a self-induced emf opposes any change in an inductor, work has to be done against this emf to establish 
a current in the inductor. This work is stored as magnetic potential energy. If L is the inductance of an inductor, 
its potential energy when it carries the current J is 


Ir 
W=5Ll 


This energy powers the self-induced emf that opposes any decrease in the current through the inductor. 


SOLVED PROBLEM 28.13 


(a) How much magnetic potential energy is stored in a 20-mH coil when it carries a current of 0.2 A? 
(b) What should the current in the coil be in order that it contains | J of energy? 


(a) W = SLI? = ($)(20 x 107 H)(0.2AY =4x 104) 
2W (2). J) 
si i= 45 = (aoe qo 
TIME CONSTANT 


Because the self-induced emf in a circuit such as that of Fig. 28-5 is always such as to oppose any changes in the 
current in the circuit, the current does not rise instantly to its final value of J = V/R when the switch is closed. 
When the switch in Fig. 28-5 is closed, the current starts to build up; as a result, a self-induced emf —L(AI/Ar) 
occurs that opposes the battery voltage V. The net voltage in the circuit is therefore V— L(AJ/At), which must 
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L 
R 

v 

i} —— 

Fig. 28-5 

equal JR by Ohm’s law: 
Al 
V—L—=IR 

At 


Impressed voltage — induced emf = net voltage 
The rate of increase of the current at the moment when the current is J is accordingly 
Al V=IR 
At soL 


The larger the inductance L, the more gradually the current increases. When the switch is first closed, J = 0 and 


Ar. ¥V 
At oL 
Eventually the current stops rising and AJ /At = 0. From then on 


eae 
R 
The final current depends only on V and R; the effect of L is to delay the establishment of the final current. 

As shown in Fig. 28-6, the current in the circuit of Fig. 28-5 rises gradually in such a manner that after a 
time ¢ equal to L/R it reaches 63 percent of its final value. The quantity L/R is called the time constant T of the 
circuit; the smaller the time constant, the more rapidly the current changes. 

The formula that governs the growth of a current in the circuit of Fig. 28-5 is 


T=Ih(l—e/") 


Percent of Final Current / 


0 L/R 2L/R 3L/R 4L/R 
Time 


Fig. 28-6 
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In this formula, plotted in Fig. 28-6, Jp is the steady-state current V/R, T is the time constant L/R, and J is the 
current at the time ¢ after the switch is closed. (Exponentials such as e~'/7 were discussed in Chapter 26.) 

If the battery is short-circuited, the current decreases in such a manner that after t+ = L/R it has fallen to 
37 percent of its original value (Fig. 28-7). In this case 


IT = Inet!" 


During the establishment of the current of Fig. 28-4, magnetic energy $LI > is being absorbed by the 
inductance L of the circuit. When the battery is short-circuited so that no voltage is impressed on the circuit, the 
stored energy is what powers the subsequent decreasing current of Fig. 28-7. 


15 


37 


Percent of Initial Current 
$ 


25 


0 L/R 2L/R 3L/R 4L/R 
Time 


Fig. 28-7 


SOLVED PROBLEM 28.14 


A 0.1-H inductor whose resistance is 20 Q is connected to a 12-V battery of negligible internal resistance. 
(a) What is the initial rate at which the current increases? (b) What happens to the rate of current increase? 
(c) What is the final current? 


(a) At the moment the connection is made, 


AI — Venp — 12V 
At L O1H 


The initial rate at which the current increases is 120 A/s. 


= 120 A/s 


(b) Since AJ/At = (V — IR)/L as the current increases, its rate of change AJ/ At decreases. 
(c) When the current has reached its final value, AJ /At = 0 and 


viv 
—=—_=06A 
R20 


SOLVED PROBLEM 28.15 
What time is required for the current in the inductor of Prob. 28.14 to reach 63 percent of its final value? 


The time constant of the circuit is 


The current will reach 63 percent of its final value in this time. 
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SOLVED PROBLEM 28.16 


A 0.2-H inductor with a resistance of 3 Q is connected to a 6-V battery whose internal resistance is | Q. 
(a) Find the final current in the circuit. (b) Find the current in the circuit 0.01, 0.05, and 0.1 s after the 
connection is made. 


(a) The total resistance in the circuit is the sum of the 3-Q resistance of the inductor and the 1-Q internal resistance 
of the battery, so 


R=32+12=42 


The final current in the circuit is therefore 


h= x= an =15A 
—k @5°° 
(b) The time constant of the circuit is 
L 02H 
= — = —— = 0.05s 
R 42 


At time f after the connection is made, the current is given by 
T=hh(l—e/’) 


When t = 0.01 s, t/T = (0.01 s)/(0.05 s) = 0.2. With the help of a calculator or a table of exponentials, we 
find that 


eae Se) 
and so T= 1h(1—e-/") = (1.5 A)(1 — 0.82) = (1.5 A)(0.18) = 0.27 A 
When ¢t = 0.05 s, t = T and 
I = 0.63) = (0.63)(1.5 A) = 0.95 A 
When ¢ = 0.1 s, t/T = (0.1 s)/(0.05 s) = 2, and 
gt =e = 044 


and so I = (Ip) (I — 7/7) = (1.5 A)(1 — 0.14) = (1.5 A)(0.86) = 1.29 A 


SOLVED PROBLEM 28.17 


Find the current in the above inductor 0.01 and 0.1 s after it has been short-circuited, after having been 
connected to the battery for a long time. 


The resistance of the circuit is now just the 3-Q resistance of the inductor itself. Hence the time constant is 


Te Le 0.2 H — 0.067 
~@ 39° °°" 
When ¢ = 0.01 s, t/T = (0.01 s)/(0.067 s) = 0.15, and 
eT = e 9 = 0.86 
Hence the current in the inductor is 
IT = Ipe~/7 = (1.5 A)(0.86) = 1.29 A 
When ¢ = 0.1 s, /T = (0.1 s)(0.067 s) = 1.5, and 


eT =e! = 0.22 
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Hence the current in the inductor at this time is 


IT = Ie! = (1.5 A)(0.22) = 0.33 A 


SOLVED PROBLEM 28.18 


28.1. 


28.2. 


28.3. 


The 0.2-H, 3-Q inductor of Prob. 28-16 is connected in series with another 0.2-H, 3-Q inductor, and the 
combination is again connected to a 6-V battery of internal resistance 1 Q. (a) Find the time constant of 
the new circuit and the final current. (b) If the battery is short-circuited so the current flows only through 
the inductors until it dies away, find the new time constant. 


(a) The total inductance and total resistance are, respectively, 
L=L,+1,=0.2H+0.2H=0.4H R= Ri + R+R3=32432412=72 


The time constant is therefore 


rab — 94F _ 057 
“f° og 
The final current is 
V 6V 
h====-— —0.86A 
0= EB =75 0.86 


The final current is smaller, and a longer time is required for it to develop. 


(b) The total inductance and total resistance of the combination of the two inductors are, respectively, 
L=0.2H+0.22H=04H R=324+32=62 


The time constant is now 


rat 4B oe 
FF 6a:° 


which is the same as for one of the inductors by itself when short-circuited, as in Prob. 28.17. 


Multiple-Choice Questions 


Upon which one or more of the following does the magnetic flux through a wire loop in a magnetic field depend? 


(a) the area of the loop 

(b) the shape of the loop 

(c) the magnitude of the field 

(d) the angle between the plane of the loop and the direction of the field 


According to Lenz’s law an induced current 


(a) gives rise to a magnetic field of its own that opposes the flux change that created it 
(b) gives rise to a magnetic field of its own that reinforces the flux change that created it 
(c) appears when a wire moves parallel to a magnetic field 

(d) appears when a wire moves perpendicular to a magnetic field 


The cause of the alternating current in the secondary coil of a transformer is an emf produced by 


(a) the varying electric field of the primary coil 

(b) the varying magnetic field of the primary coil 
(c) the varying magnetic field of the secondary coil 
(d) the voltage applied to the primary coil 
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28.4. 


28.5. 


28.6. 


28.7. 


28.8. 


28.9. 


28.10. 


28.11. 


28.12. 


28.13. 
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Upon which one or more of the following does the magnetic energy of a coil that carries a current J depend? 


(a) I 

(b) the number of turns in the coil 

(c) the resistance of the coil 

(d) the presence of an iron core in the coil 


The horizontal steel cargo boom of a freighter traveling at 10 m/s is 7.0 m long and is at an angle of 75° relative 
to the direction of the ship’s motion. The magnetic field of the earth in that region has a vertical component of 
4.0 x 10-> T. The potential difference between the ends of the boom is 


(a) 0.06mV  (c) 2.7mV 
(b) 0.72mV (d) 2.8mV 


A wire loop that encloses an area of 15 cm? is perpendicular to a magnetic field of 0.10 T. If the field drops to 0.04 T 
in 0.2 s, the average emf induced in the loop is 


(a) 0.32mV (c) 4mV 
(b) 0.45 mV (d) 45V 


A 200-turn coil whose resistance is 4 Q encloses an area of 20 cm?. A changing magnetic field parallel to the coil 
axis induces a current of 1.2 A in the coil. How rapidly is the magnetic field changing? 


(a) 0.75T/s (cc) 14.4T/s 
(b) 12T/s (d) 30T/s 


A transformer has 300 turns in its primary coil and 75 turns in its secondary coil. When the current in the secondary 
coil is 20 A, the current in the primary coil is 


(a) SA (c) 80A 
(b) 25A (d) 64kA 


If the power input to the transformer of Question 28.7 is 40 W, the power output is 


(a) 2.5W (c) 40W 
(b) 10W (d) 160W 


The self-induced emf in a 0.1-H coil in which the current is changing at 200 A/s is 


(a) 10V (c) O1LKV 
(b) 20V (d) 2kV 


While the current in a circuit is falling from 8 to 2 A in 20 ms, the average induced emf in the circuit is 12 V. The 
inductance of the circuit is 


(a) 0.04H (c) 100H 
(b) 0.12H  (d) 3.6kH 


An 80-mH coil whose resistance is 4 Q is connected to a 12-V battery of negligible internal resistance. The current 
in the coil begins to increase at a rate of 


(a) O15A/s  (c) 7.5 A/s 
(b) 3A/s (d) 150 A/s 


The time needed for the current in the coil of Question 28.12 to reach 63 percent of its final value is 


(a) 0.02s (c) 20s 
(b) 0.05s  (d) 50s 
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28.14. The energy stored in the magnetic field of a 12-mH coil in which the current is 5 A is 


28.1. 


28.2. 


28.3. 


28.4. 


28.5. 


28.6. 


28.7. 


28.8. 


28.9. 


28.10. 


28.11. 


28.12. 


28.13. 


28.14. 


28.15. 


28.16. 


28.17. 


(a) 18mJ (c) O.15J 
(b) 30mJ (d) 0.3] 


Supplementary Problems 


What would happen if the primary winding of a transformer were connected to a battery? 


What is it whose action on the secondary winding of a transformer causes an alternating potential difference to occur 
across its ends, even though there is no connection between the primary and secondary windings? 


Verify that L/R has the dimensions of time. 


How fast should a wire 20 cm long be moved through a 0.05-T magnetic field for an emf of 1 V to appear across its 
ends? 


The magnetic flux through a 50-turn coil increases at the rate of 0.05 Wb/s. (a) What is the induced emf between 
the ends of the coil? (b) If the coil’s resistance is 2 Q and it is connected to an external circuit whose resistance is 
10 Q, how much current will flow? 

A 30-turn coil 8 cm in diameter is in a magnetic field of 0.1 T that is parallel to its axis. (a) What is the magnetic 
flux through the coil? (b) In how much time should the field drop to zero to induce an average emf of 0.7 V in the 
coil? 

A transformer has 50 turns in its primary winding and 100 turns in its seconary. (a) If a 60-Hz, 3-A current passes 
through the primary winding, what are the nature and magnitude of the current in the secondary? (b) If a 3-A direct 


current passes through the primary winding, what are the nature and magnitude of the current in the secondary? 


The transformer in an electric welding machine draws 3 A from a 240-V ac power line and delivers 400 A. What is 
the potential difference across the secondary of the transformer? 


A 240-V, 400-W electric mixer is connected to a 120-V power line through a transformer. (a) What is the ratio of 
turns in the transformer? (b) How much current is drawn from the power line? 


A solenoid 2 cm long and 6 mm in diameter has 500 turns of thin wire. What is its inductance? 


A 1-mH inductor is to be made by winding wire on a tube 2 cm in diameter and 10 cm long. How many turns are 
needed? 


Find the equivalent inductances of three 2-mH inductors when they are connected in series and in parallel. 
Find the emf induced in a 0.1-H coil when the current in it is changing at the rate of 80 A/s. 
What rate of change of current is needed to induce an emf of 8 V in a 0.1-H coil? 


An average emf of 32 V is induced in a circuit in which the current drops from 10 to 2 A in 0.1 s. What is the 
inductance of the circuit? 


A 5-mH coil carries a current of 2 A. How much energy is stored in it? 


How much current must flow through a 40-mH coil in order that it contain 0.1 J of magnetic potential energy? 
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28.18. 


28.19. 


28.20. 


28.21. 


28.22. 


28.23. 


28.24. 


28.1. 


28.2. 


28.3. 


28.4. 


28.5. 


28.6. 


28.7. 


28.1. 


28.2. 


28.3. 


28.4. 


ELECTROMAGNETIC INDUCTION [CHAP. 28 


A potential difference of 100 V is applied to a 50-mH, 40-Q inductor. (a) What is the initial rate at which the current 
increases? (b) What is the rate at which the current is increasing when J = | A? (c) What is the final current? 


A potential difference of 50 V is applied across a 12-mH, 8-Q inductor. (a) What is the initial rate at which the 
current increases? (b) What is the current when the rate of change of current is 2000 A/s? (c) What is the final 
current? 

What is the time constant of a 50-mH, 3-Q inductor? 

A 60-mH, 5-Q inductor is connected to a 12-V battery whose internal resistance is 1 Q. (a) Find the time constant 
of the circuit. (b) Find the final current in the circuit. (c) Find the current 0.005, 0.01, and 0.05 s after the connection 


is made. 


Find the current in the above inductor 0.005, 0.01, and 0.05 s after it has been short-circuited, after having been 
connected to the battery for a long time. 


A 0.1-H, 4-Q inductor is connected in series with a 0.2-H, 6-Q inductor, and the combination is placed across a 
24-V battery whose internal resistance is 2 Q. (a) Find the time constant of the circuit. (b) Find the final current in 


the circuit. (c) Find the current at 0.01 and 0.1 s after the connection is made. 


Find the current in the inductors of Prob. 28.23 at 0.01 and 0.1 s after the battery has been short-circuited, after the 
inductors have been connected to it for a long time. 


Answers to Multiple-Choice Questions 


(a), (c), (d) 28.8. (a) 
(a) 28.9. (c) 
(b) 28.10. (b) 


(a), (b),(d) 28.11. (a) 


(c) 28.12. (d) 
(b) 28.13. (a) 
(b) 28.14. (c) 


Answers to Supplementary Problems 


When the connection is made, there will be a momentary current in the secondary winding as the current in the 
primary builds to its final value. Afterward, since the primary current will be constant and hence its magnetic field 
will not change, there will be no current in the secondary. 

The changing magnetic field produced by an alternating current in the primary winding 


From their definitions L = Vt/IJ and R = V/I. Hence L/R = (Vt/I)/(V/1) =t. 


100 m/s 
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28.5. 


28.6. 


28.7. 


28.8. 


28.9. 


28.10. 


28.11. 


28.12. 


28.13. 


28.14. 


28.15. 


28.16. 


28.17. 


28.18. 


28.19. 


28.20. 


28.21. 


28.22. 


28.23. 


28.24. 


(a) 2.5V (b) 0.208 A 

(a) 5.03x10*Wb = (b) 0.0215 s 

(a) 60Hz,1.5A (b) Nocurrent 

1.8V 

(a) 2:1 (b) 3.3A 

3.53 x 10-*H 

503 turns 

6 mH; 0.67 mH 

8V 

80 A/s 

0.4H 

0.01 J 

2.24 A 

(a) 2000 A/s (b) 1200 A/s (c) 25A 

(a) 4167 A/s (b) 3.25A (c) 625A 
0.0167 s 

(a) 0.01s (b) 2A (c) 0.787 A; 1.264 A; 1.987 A 
1.318 A; 0.869 A; 0.031 A 

(a) 0.0255 (b) 2A (c) 0.659 A; 1.963 A 


1.433 A; 0.071 A 
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CHAPTER 29 


Alternating-Current 
ircuits 


ALTERNATING CURRENT 


The frequency of an alternating current is the number of complete back-and-forth cycles it goes through each 
second (Fig. 29-1). As in the case of harmonic motion, the unit of frequency is the hertz (Hz), where | Hz = 
1 cycle/s. 


An alternating emf of frequency f whose maximum value is Vinax Varies with time according to the formula 
V = Vinax Sin Qn ft = Vinax Sin wt 


The quantity w = 27 f is the angular frequency of the emf in radians per second. Similarly, an alternating current 
(ac) of frequency f whose maximum value is max varies with time according to the formula 


IT = Imax Sin 277 ft = Imax sin wt 


1 cycle 
I 
+I max 
time 
~T max 
Fig. 29-1 


EFFECTIVE VALUES 


Because an alternating current changes continuously, its maximum value /,,,, does not indicate its ability to do 
work or to produce heat, as the magnitude of a direct current does. A 5-A direct current is not equivalent to an 
alternating current in which Imax = 5 A. Itis therefore customary to define an effective current Ig such that a direct 
current with this magnitude does work or produces heat at the same rate as the corresponding alternating current. 
The rate at which energy is dissipated in a resistance R by an alternating current is, at any time f, 
PR= Iz, sin’ ot 


max 
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What is needed is the average value of J*R over a complete cycle, which is 
[I Rly = 2,R = 12, Risin’ wf ey 


The average value of J over a complete cycle is zero because J is positive over half the cycle and negative over 
the other half. However, /* is always positive, and its average is therefore a positive quantity. As it happens, the 
average value of sin” wt over a complete cycle is ‘. Hence, 


~ 


max 


J2 


IigR = 3liR  andso leg = 


= 0.707 Imax 
Similarly, the effective voltage in an ac circuit is 


Vinax 
Verr = VD = 0.707 Vmax 


Currents and voltages in an ac circuit are usually expressed in terms of their effective values. The values of [ 
and V at any particular moment are called the instantaneous values of these quantities. 

The effective values of J and V are sometimes called root-mean-square or rms values because of the way 
they are derived. 


SOLVED PROBLEM 29.1 


Find the maximum voltage across a 120-V ac power line. 


+Vep — £120V 
0.707 —-0.707 


The voltage across the power line varies between +170 V and —170 V. 


=+170V 


= Vinax = 


SOLVED PROBLEM 29.2 


The dielectric used in a certain capacitor breaks down at a potential difference of 300 V. Find the maxi- 
mum effective ac potential difference that can be applied to it. 


Veter = 0.707 Vinax = (0.707)(300 V) = 212 V 


SOLVED PROBLEM 29.3 


Alternating current with a maximum value of 10 A is passed through a 20-Q resistor. At what rate does 
the resistor dissipate energy? 


The effective current is 
Lege = 0.707 Imax = (0.707)(10 A) = 7.07 A 
and so the power dissipated is 


P = 13,R = (7.07 A)*(20 Q) = 1000 W 


REACTANCE 


The inductive reactance of an inductor is a measure of its effectiveness in resisting the flow of an alternating 
current by virtue of the self-induced back emf that the changing current causes in it. Unlike the case of a resistor, 
there is no power dissipated in a pure inductor. The inductive reactance X; of an inductor whose inductance is 
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L (in henries) when the frequency of the current is f (in hertz) is 
Inductive reactance = X; = 2x7 fL 


When a potential difference V of frequency f is applied across an inductor whose reactance is X;, at frequency 
f, current 1 = V/X, will flow. The unit of X; is the ohm. 

The capacitive reactance of a capacitor is similarly a measure of its effectiveness in resisting the flow of an 
alternating current, in this case by virtue of the reverse potential difference across it owing to the accumulation 
of charge on its plates. No power loss is associated with a capacitor in an ac circuit. The capacitive reactance Xc 


of a capacitor whose capacitance is C (in farads) when the frequency of the current is f (in hertz) is 
1 

Capacitive reactance = Xc = ——— 

. © In fC 


When a potential difference of frequency f is applied across a capacitor whose reactance is X¢ at frequency f, 
current J = V/Xc will flow. The unit of X¢ is the ohm. Evidently reactance takes the place of resistance in 
Ohm’s law for finding the ac current in an inductor or a capacitor. 


SOLVED PROBLEM 29.4 


(a) Sketch graphs that show how X,; and Xc vary with frequency. (b) What happens to X; and Xc¢ in 
the limit of f = 0? (c) What is the physical meaning of the answer to (b)? 


(a) See Fig. 29-2. 
(b) When f = 0, X, = 2a fL = Oand Xc = 1/2Qa fC) = ow. 


(c) Accurrent with f = 0 is a direct current. When a constant current flows in an inductor, there is no self-induced 
back emf to hamper the current, and the inductive reactance is accordingly zero. A direct current cannot pass 
through a capacitor because its plates are insulated from each other, so the capacitive reactance is infinite and 
I = V/Xc = 0 when f = O. (An alternating current does not actually pass through a capacitor but surges 
back and forth in the circuit on both sides of it.) 


Xe 
oOo 
& 
= XL 
3 
% 
Frequency 
Fig. 29-2 


SOLVED PROBLEM 29.5 


A 10-uF capacitor is connected to a 15-V, 5-kHz power source. Find (a) the reactance of the capacitor 
and (b) the current that flows. 

es ee 1 

~ fC (2m)(5 x 103 Hz)(10 x 10-6 F) 


4 15 V 
(b) [=—= 3 


= 3.18 Q 


(a) Xc 


=472A 
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SOLVED PROBLEM 29.6 
The reactance of an inductor is 80 Q at 500 Hz. Find its inductance. 
Since X,; = 27f L, 


x, 80.2 


a f  (2x)(500 Hz) 


= 0.0255 H = 25.5 mH 


PHASE ANGLE 


A convenient way to represent a quantity that varies sinusoidally (that is, as sin 6 varies with @) with time is in 
terms of a rotating vector called a phasor. In the case of an ac voltage, the length of the phasor Vinax corresponds 
to Vinax, and we imagine it to rotate f times per second in a counterclockwise direction (Fig. 29-3). The vertical 
component of the phasor at any moment corresponds to the instantaneous voltage V. Since the vertical component 
of Vinax 1S 


V = Vinax SINO = Vinax Sin 277 ft 


— rotations /s 


vV=V,,,,sin6 
= Vinax Sin 2nft 


Fig. 29-3 


the result is the same curve as that of Fig. 29-1. In a similar way a phasor Imax can be used to represent an 
alternating current J. Phasors are useful because the voltage and current in an ac circuit or circuit element always 
have the same frequency /, but the peaks in V and J may occur at different times. 

In an ac circuit that contains only resistance, the instantaneous voltage and current are in phase with each 
other; that is, both are zero at the same time, both reach their maximum values in either direction at the same 
time, and so on, as shown in Fig. 29-4(a). 

In an ac circuit that contains only inductance, the voltage leads the current by ; cycle. Since a complete 
cycle means a change in 27 ft of 360° and 360°/4 = 90°, it is customary to say that in a pure inductor the 
voltage leads the current by 90°. The situation is shown in Fig. 29-4(b). 

In an ac circuit that contains only capacitance, the voltage lags behind the current by 7 cycle, which is 90°. 
This situation is shown in Fig. 29-4(c). 

Now we consider an ac circuit that contains resistance, inductance, and capacitance in series, as in Fig. 29-5. 
The instantaneous voltages across the circuit elements are 


Vr=IR Vi = 1X, Vo =1Xc 
At any moment the applied voltage V is equal to the sum of the voltage drops Vr, Vz, and Vc: 
V=Vrt+Vi+ Ve 


Because Vr, V;, and Vc are out of phase with one another, this formula holds only for the instantaneous voltages, 
not for the effective voltages. 
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J = current phasor 
V = voltage phasor 


O 3 


(a) 


O # 


(6) 


Or 


(c) 


Fig. 29-4 


Since we want to work with effective voltages and currents, not instantaneous ones, we must somehow take 
into account the phase differences. To do this, we can use phasors to represent the various effective quantities. 


This is done in Fig. 29-6 for the voltages. To find the magnitude V of the sum V of the various effective voltages, 
we proceed in this way: 


1. Find the difference V; — Vc. If Vi > Vc, then Vz — Vc will be positive and will point upward; if 


Vi < Vc, then V; — Vc will be negative and will point downward. 


2. Add V; — Vc to Vp to obtain V. Since V;, — Vc is perpendicular to Vr, use the Pythagorean theorem 
to find the magnitude V: 
V=/VeZ+ (VL — Ve)? 
The angle ¢ between V and V, is the phase angle and can be calculated from the relationships 
Vit — Vi V 
tang = ——_© or cos¢ = — 
Vr V 
SOLVED PROBLEM 29.7 


A resistor, a capacitor, and an inductor are connected in series to an ac power source. The effective 
voltages across the circuit components are Ve = 5 V, Vc = 10 V, and V, = 7 V. Find (a) the effective 
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Fig. 29-5 
v v=yvVe+(¥,- Vey 
¢ 
Ve 
(a) 
Ve 
i ~ le V=svit(V,- Vey 
Vi-Ve 
Vy 
(6) 
Fig. 29-6 


voltage of the source and (b) the phase angle in the circuit. 


(a) V = /V24+ (Vi — Vc)? = V6 Vy? + (7 V— 10 V)? 


= J/(5 V)2 + (3 V2 = 725 V2+.9 V2 = V34V2=5.8V 


We note that the effective voltages across C and R are greater than the effective applied voltage. 
Vie Ve  7TV-10V _ 3 

Ve 5V 5 
g=-31° 


(b) tang = = —0.6 
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The negative phase angle means that the voltage across the resistor is ahead of the applied voltage, as in 
Fig. 29-6(b). Equivalently we can say that the current in the circuit leads the voltage, as in Fig. 29-4(c). (We 
recall that phasors rotate counterclockwise.) 


IMPEDANCE 


Because 
Vr=IR Vi =1IX, Vo =1Xc 


we can rewrite the above formula for V in the form 


V = 1/R? 4+ (X, — Xcy? 


The quantity 


Z = JR? 4 (X, — Xc)? 


is called the impedance of the circuit and corresponds to the resistance of a direct-current (dc) circuit. The unit 
of Z is the ohm. When an ac voltage whose frequency is f is applied to a circuit whose impedance is Z at that 
frequency, the result is the current 


f= > 
Z 


Figure 29-7 shows phasor impedance diagrams that correspond to the phasor voltage diagrams of Fig. 29-6. The 
phase angle ¢ can be calculated from either of these formulas: 


ed X,—Xc é R 
an d = ————— or cos¢@ = — 
R Z 
xX, 
XL ~ Xe Z = R24 (X,- XY 
7 > 
Ro R 
Xe 
(a) 
XL 
i 2 
X,—Xe 
Zz 
Xe 
(2) 
Fig. 29-7 
SOLVED PROBLEM 29.8 


A 5-uF capacitor is in series with a 300-Q resistor, and a 120-V, 60-Hz voltage is applied to the combi- 
nation. Find (a) the current in the circuit and (b) the phase angle. 
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R= 3002 


Xe = 5312 


Fig. 29-8 


(a) The reactance of the capacitor at 60 Hz is 


1 1 


~ InfC  (2n)(60 Hz)(5 x 10-6 F) oe 


Xc 


Since X; = 0, the impedance of the circuit is (Fig. 29-8) 


Z = JR + (X, — Xe? = VR? + (-XcP 


= ,/R2 + X2 = /(300 Q)2 + (531 2)? = 6102 


Hence the current is 


120V 
a ers 
Z 6102 
X.=Ne 0= 531 
(b) tang = 4 © — ee Ie i 
R 300 
¢=-61° 


The negative phase angle signifies that the current in the circuit leads the voltage. 


SOLVED PROBLEM 29.9 


A 5-mH, 20-Q inductor is connected to a 28-V, 400-Hz power source. Find (a) the current in the inductor 
and (b) the phase angle. 


(a) The reactance of the inductor is 
X, = 2nf L = (27)(400 Hz)(5 x 107? H) = 12.62 


and its impedance is (Fig. 29-9) 


Z =,/ R24 X?2 = /(20 Q)? + (12.6 2)? = 23.62 


X, = 12.62 Z = 23.62 


¢ = 32° 
R=202 
Fig. 29-9 
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Hence the current is 
V 28 V 
=1.18A 


=F 6G 
M28. 160—0 
b tang = = =) 
(b) ano z a6 0.63 
¢ = 32° 


The positive phase angle signifies that the voltage in the circuit leads the current. 


SOLVED PROBLEM 29.10 
A 10-uF capacitor, a 0.10-H inductor, and a 60-Q resistor are connected in series across a 120-V, 60-Hz 


power source. Find (a) the current in the circuit and (b) the phase angle. 
(a) The reactances are 
X, = 2nf L = (27)(60 Hz)(0.10 H) = 38 


1 1 
Xc= = = 265 Q 
2nfC  (27)(60 Hz)(10 x 10-6 F) 


The impedance is therefore (Fig. 29-10) 
Z = VR? + (Xz — Xc)2 = V(60 2)? + (38 Q — 265 Q)? = 235 Q 


Hence, the current in the circuit is 
120 V 


= =0.51A 
~ Z 2352 ~ 
Xi, = Xo... 380 = 265 2 2272 
(b) tang = —*_*© = = = —3.78 
R 60 Q 60.2 
¢ = —-75° 


The negative phase angle signifies that the current in the circuit leads the voltage. 


X,=389 
R=602 
$= —75° 
Z= 2352 
X,— Xe = -2272 
Xo = 2652 


Fig. 29-10 


CHAP. 29] ALTERNATING-CURRENT CIRCUITS 359 


RESONANCE 


The impedance in a series RLC ac circuit is a minimum when X; = Xc; under these circumstances Z = R and 
I = V/R. The resonance frequency fo of a circuit is that frequency at which X; = Xc: 


1 1 
2n fol = ——— = —___. 
fol = FAC fo= STG 


When the potential difference applied to a circuit has the frequency fo, the current in the circuit is a maximum. 
This condition is known as resonance. At resonance the phase angle is zero since X; = Xc. 


SOLVED PROBLEM 29.11 


In the antenna circuit of a radio receiver that is tuned to a particular station, R = 5 Q, L = 5 mH, and 
C = 5 pF (a) Find the frequency of the station. (b) If the potential difference applied to the circuit is 
5 x 10~* V, find the current that flows. 


1 1 
~ 2aJ/V LC 7 an (5 x 10-3 H)(5 x 107-!2 F) 
(b) Atresonance, X; = Xc and Z = R. Hence, 


(a) fo = 1006 kHz 


Vi 5x10*V 


l= —= =107A=0.1mA 
R 52 0 ” 


SOLVED PROBLEM 29.12 


In the antenna circuit of Prob. 29.11, the inductance is fixed but the capacitance can be varied. What 
should the capacitance be in order to receive an 800-kHz radio signal? 


1 1 
Ce (Qnxf)2(L)  [(2)(800 x 10? Hz) 25 x 10-3 H) 
=7.9x 10°" F=7.9 pF 


SOLVED PROBLEM 29.13 


In a series ac circuit R = 20 Q, X;, = 10 Q, and Xc = 25 Q when the frequency is 400 Hz. (a) Find the 
impedance of the circuit. (b) Find the phase angle. (c) Is the resonance frequency of the circuit greater 
than or less than 400 Hz? (d) Find the resonance frequency. 


(a) Z = JR? 4+ (X, — Xc = JQ20 2)? + 10 Q — 25 Q)? = 25 
rs ae Xr -Xc _ 102-252 o., ae 
ang = = = p = 
R 20 Q 


A negative phase angle signifies that the voltage lags behind the current. 


(c) Atresonance X;, = Xc. At 400 Hz, X, < Xc, so the frequency must be changed in such a way as to increase 
X, and decrease Xc. Since X, = 207 fL and Xc = 1/(27 fC), it is clear that increasing the frequency will 
have this effect, Hence the resonance frequency must be greater than 400 Hz. 


(d) Since X; = 10 Qand X¢ = 25 Q when f = 400 Hz, 
Xi 10Q 


L= = =4x107H 
2nf  (2m)(400 Hz) 
1 1 
C= a =1.6x 10°F 
WfXc  (2m)(400 Hz)(25 Q) 
1 1 
Hence to = 629 Hz 


~ InVLC 2ny/(4 x 10-3 H)(1.6 x 10-5 F) 
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POWER FACTOR 


The power absorbed in an ac circuit is given by 
P=I1Vcos@ 


where J and V are effective values and ¢ is the phase angle between voltage and current. The quantity cos @ is 
the power factor of the circuit. At resonance, ¢ = 0, cos¢@ = 1, and the power absorbed is a maximum. The 
power factor in an ac circuit is equal to the ratio between its resistance and its impedance: 


R 
Zo SR? + (Xi +Xcy 


Power factor = cos ¢ = 


Power factors are often expressed as percentages, so a phase angle of, say, 25° would give rise to a power factor 
of cos 25° = 0.906 = 90.6 percent. 

Ac power sources are usually specified in terms of apparent power, the product of Vere and Jeg, and are 
measured in voltamperes (VA). The true power P = IV cos¢ is not always specified because for a circuit 
with power factor less than 1, a power greater than the true power P must be supplied. Thus a power factor of 
90.6 percent means that an apparent power of | VA must be supplied for each 0.906 W of true power consumed 
by the circuit. To obtain a true power of | W, an apparent power of 1/0.906 = 1.104 VA must be supplied. 


SOLVED PROBLEM 29.14 


A coil of unknown resistance and inductance draws 4 A when it is connected to a 12-V dc power source 
and 3 A when it is connected to a 12-V, 100-Hz power source. (a) Find the values of R and L. (b) How 
much power is dissipated when the coil is connected to the dc source? (c) When it is connected to the ac 
source? 


(a) There is no inductive reactance when direct current passes through the coil, so its resistance is 


V; 12 
pa ee 
if 4A 
At f = 100 Hz the impedance of the circuit is 
VY 12V 
hh 3A 


and so since Z = \/ R? + (XF _ x2) and Xc = 0 here, 


X, = JZ? — RF? =,/(4 9) — BOY =2.652 


Hence the inductance of the coil is 


xX, 2.65Q 
L= = = 4.22 mH 
Inf — (27)(100 Hz) 
(b) P, =17R=(4A)?BQ) = 48 W 
(c) Py = FR = (3 A)(3Q2)=27W 


SOLVED PROBLEM 29.15 


A 50-uF capacitor, a 0.3-H inductor, and an 80-Q resistor are connected in series with a 120-V, 60-Hz 
power source (Fig. 29-11). (a) What is the impedance of the circuit? (b) How much current flows in it? 
(c) What is the power factor? (d) How much power is dissipated by the circuit? (e) What must be the 
minimum rating in volt amperes of the power source? 
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R=802 L=03H C= 50 pF 
120 V 
Fig. 29-11 
(a) X, = 2nfL = (22)(60 HZ)(0.3 H) = 1132 
Xc= ee : = 532 
© ~ InfC  (22)(60 Hz)(50 x 10-°F) 
Z = JVR24+(X,— Xe)? = V802 + (113 Q— 53 Q)? = 1002 
120 V 
(b) f= eS iee 
Z 1002 
R802 
(c) cos¢@ = = = —— = 0.8 = 80% 
Z 1002 
(d) True Power = P = 1V cos¢ = (1.2 A)(120 V)(0.8) = 115 W 
Alternatively, P=I°R = (1.2 A)*(80Q) = 115 W 
(e) Apparent power = JV = (1.2 A)(120 V) = 144 VA 


SOLVED PROBLEM 29.16 


(a) Find the potential differences across the resistor, the inductor, and the capacitor in the circuit of 
Prob. 29.15 (b) Are these values in accord with the applied potential difference of 120 V? 


(a) Ve = IR = (1.2 A)(80 Q) = 96 V 
Vp = 1X, = (1.2 A113 Q) = 136 V 
Vo = 1X¢ = (1.2 A)(53 Q) = 64 V 
(b) The sum of these potential differences is 296 V, more than twice the 120 V applied to the circuit. However, 


this is a meaningless way to combine the potential differences since they are not in phase with one another: V;, 
is 90° ahead of Vr and Vc is 90° behind Vr. The correct way to find the total potential difference across the 


circuit is as follows: 
V = /V2+ (Vi — Vc)? = (96 V)? + (136 V — 64 V)? = 120 V 


This result is in agreement with the applied potential difference of 120 V. We note that the voltage across an 
inductor or capacitor in an ac circuit can be greater than the voltage applied to the circuit. 


SOLVED PROBLEM 29.17 


(a) Find the resonance frequency fo of the circuit of Prob. 29.15. (b) What current will flow in the circuit 
if it is connected to a 120-V power source whose frequency is fo? (c) What will be the power factor in 
this case? (d) How much power will be dissipated by the circuit? (e) What must be the minimum rating 
in voltamperes of the power source now? 


362 ALTERNATING-CURRENT CIRCUITS 


1 1 
(a) fo = = 
: 2nrV/LC 2n/(0.3 H)(50 x 10~° F) 
(b) At the resonance frequency, X;, = Xc and Z = R. Hence 
Vo 120V 
f= ]>——=15A 
R 80 Q 
(c) gH = ei ioe 
c cos@ = i ma fo 
(d) True power = 1V cos @¢@ = (1.5 A)(120 V)(1) = 180 W 
(e) Apparent power = JV = (1.5 A)(120 V) = 180 VA 


SOLVED PROBLEM 29.18 


= 41 Hz 


[CHAP. 29 


(a) Find the potential difference across the resistor, the inductor, and the capacitor in the circuit of Prob. 
29.15 when it is connected to a 120-V ac source whose frequency is equal to the circuit’s resonance 
frequency of 41 Hz. (b) Are these values in accord with the applied potential difference of 120 V? 


(a) At the resonance frequency of f) = 41 Hz, the inductive and capacitive reactances are, respectively, 


X,, = 2nfoL = (27)(41 Hz)(0.3 H) = 772 


1 1 
~ InfyC  (20)(41 Hz)(50 x 10-°F) 


Xe 


The various potential differences are therefore 


Ve = IR = (1.5 A)(80 Q) = 120 V 
Vp = 1X, = (1.5 A)(77 Q) = 116 V 
Vo = 1Xc = (1.5 A)(77 Q) = 116 V 


(b) The total potential difference across the circuit is 


V2 + (Vi — Vc)? = (120 V)? + (0)? = 120 V 


which is equal to the applied potential difference. 


SOLVED PROBLEM 29.19 


A 5-hp electric motor is 80 percent efficient and has an inductive power factor of 75 percent. (a) What 
minimum rating in kilovoltamperes must its power source have? (b) A capacitor is connected in series 
with the motor to raise the power factor to 100 percent. What minimum rating in kilovoltamperes must 


the power source now have? 
(a) The power required by the motor is 


_ ( hp)(0.746 kW/hp) 
~ 0.8 


P = 4.66 kW 


Since P = 1V cos @, the power source must have the minimum rating 


P 4.66 kW 


I = = 
¥ cos @ 0.75 


= 6.22 kVA 


(b) When cos¢ = 1,1V = P = 4.66 kVA. 


CHAP. 29] ALTERNATING-CURRENT CIRCUITS 363 


SOLVED PROBLEM 29.20 


A coil connected to a 120-V, 25-Hz power line draws a current of 0.5 A and dissipates 50 W. (a) What is 
its power factor? (b) What capacitance should be connected in series with the coil to increase the power 
factor to 100 percent? (c) What would the current in the circuit be then? (d) How much power would the 
circuit then dissipate? 


(a) Since P= 1Vcos¢, 


P 50 W 


cos? = 77 = @5A)(120V) 


= 0.833 = 83.3% 


(b) The power factor will be 100 percent at resonance, when X; = Xc. The first step is to find X,, which can 
be done from the formula tang@ = (X, — Xc)/R. Hence Xc = 0 and, since cos d = 0.833, @ = 34°, and 
tan @ = 0.663. Since P = IR, 


R= Fc = 200 Q 
~ 22 (0.5 A)? 
Hence, X, = Rtan@+ Xc = (200 Q)(0.663) + 0 = 133 Q 


This must also be the value of X- when f = 25 Hz, and so 


1 1 


= = =48x 10°F =48 uF 
InfXe (2) (25 Hz) (133 Q) 


(c) Atresonance Z = R, so 


V 120 V 
fel Ye EY gk 
ZR 2002 


(d) P =I°R= (0.6 A)*(200 2) = 72 W 


PARALLEL AC CIRCUITS 


When a resistor, an inductor, and a capacitor are connected in parallel across an ac source, as in Fig. 29-12(a), 
the voltage is the same across each circuit element: 


V=Vr=Vz= Ve 


The total instantaneous current is the sum of the instantaneous currents in each branch, as in a parallel dc circuit, 
but this is not true of the total effective current J because the branch currents are not in phase. Although the 
current J in the resistor is in phase with V, the current Jc in the capacitor leads V by 90° and the current J; in 
the inductor lags V by 90°. To find the total current J, the phasors that represent Jp, ¢, and J; must be added 
vectorially, as in Fig. 29-12(b). 


(6) 


Fig. 29-12 
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The branch currents in the parallel circuit of Fig. 29-12(a) are given by 


ne Fs oe ee 
nie Cn Re a 7 


Adding these currents vectorially with the help of the Pythagorean theorem gives 


r= /R+Ue-hy 


The phase angle @ between current and voltage is specified by 


IR 
cos¢ = — 
? I 


If Zc is greater than J; the current leads the voltage and the phase angle is considered positive; if J; is greater 
than Jc, the current lags the voltage and the phase angle is considered negative. The power dissipated in a parallel 
ac circuit is given by the same formula as in a series circuit, namely, 


P=I1Vcos@ 


RESONANCE IN PARALLEL CIRCUITS 


Figure 29-13(a) shows an inductor and a capacitor connected in parallel to a power source. The currents in the 
inductor and capacitor are 180° apart in phase, as the phasor diagram shows, so the total current J in the circuit 
is the difference between the currents in L and C: 


l=I[c-[, 


The current that circulates between the inductor and the capacitor without contributing to J is called the tank 
current and may be greater than /. 


Te Te | 
I 
7 ! 

Vv L Cc ae 
= = = a = = 
: V Vv 
1, 
(a) 


Fig. 29-13 


In the event that Xc = X_, currents Jc and J; are also equal. Since Jc and Jz, are 180° out of phase, the 
total current J = 0: The currents in the inductor and capacitor cancel. This situation is called resonance. 

In aseries RLC circuit, as discussed earlier, the impedance has its minimum value Z = R when Xc = X_, 
a situation also called resonance. The frequency for which Xc = Xz is 


and is called the resonance frequency. 

In a parallel RLC circuit, resonance again corresponds to Xc = X_, but here the impedance is a maximum 
at fo. At fo, the currents in the inductor and capacitor are equal in magnitude but 180° out of phase, so no 
current passes through the combination. Thus, J = Jp and Z = R. At frequencies higher and lower than fo, Ic 
is not equal to J; and some current can pass through the inductor-capacitor part of the circuit, which reduces the 
impedance Z to less than R. Thus a series circuit can be used as a selector to favor a particular frequency, and a 
parallel circuit with the same L and C can be used as a selector to discriminate against the same frequency. 
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SOLVED PROBLEM 29.21 


The reactances of a coil and a capacitor connected in parallel and supplied by a 15-V, 1000-Hz power 
source are, respectively, X; = 20 Q and Xc = 30 . Find (a) the current in each component, (b) the 
total current, (c) the impedance of the circuit, and (d) the phase angle and total power dissipated in the 


circuit. 

(a) oe ae fps uae 
. Ae, OR [=e 0G 
(b) (=Ip-T.=O05 4-075 4 = 099A 


The minus sign means that the total current lags 90° behind the voltage [the opposite of the situation shown in 
Fig. 29-13(b)] and can be disregarded in the other calculations. 


(c) Z=>=- = 602 


The impedance not only is greater than X; or X¢ but also is greater than their arithmetical sum. 


(d) Because the phase angle here is 90°, cos @ = cos 90° = 0 and the power drawn by the circuit is 
P=I1Vcos¢=0 


This conclusion follows from the absence of resistance in the circuit. 


SOLVED PROBLEM 29.22 


A 10-Q resistor, an 8-uF capacitor, and a 2-mH inductor are connected in parallel across a 10-V, 1000-Hz 
power source, as in Fig. 29-14(a). Find (a) the current in each component, (b) the total current in the 
circuit, (c) the impedance of the circuit, and (d) the phase angle and the total power dissipation of the 
circuit. 

1 1 


@) ee 2nfC  (2m)(10? Hz)(8 x 10-6 F) 


20 Q 


X, = 2nf L = (22) (10° Hz)(2 x 10°* H) = 12.62 


Fig. 29-14 


Hence 


Ic = =~ = 0.5A IL = =0.8A Ip = —~=10A 
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(b) The phasor diagram of Fig. 29-14(b) shows how the various currents are to be added. We have 


T= /2+(Uc—1,)?2 = VC.0 A)? + 0.5 A — 0.8 A)? 


= (1.0 A)? + (—0.3 A)? = 71.00 A2 + 0.09 A? = 71.09 A? = 1.04A 


- Pn eS ee 

~ 7 T04a7 7 
Ip 1.0A 

(d) cos — = —— = 0,962 
1 104A 
¢=—16 


The current lags behind the voltage by 16°, as in Fig. 29-14(b): 
P=TIVcos¢ = (10 V)(1.04 A)(0.962) = 10 W 
We can also find P in this way: 


P = 1;,R = (1.0A)°(10 Q) = 10 W 


IMPEDANCE MATCHING 


[CHAP. 29 


In Chapter 25 we saw that power transfer between two dc circuits is a maximum when their resistances are equal, 
an effect called impedance matching. The same effect occurs in an ac circuit with the impedance of the circuits 
instead of their resistances as the quantities that must be the same for maximum power transfer. An additional 
consideration is that an impedance mismatch between ac circuits may result in a distorted signal by altering the 


properties of the circuits, for instance, by changing their resonance frequencies. 


A transformer enables impedances between ac circuits to be matched. An example is an audio system in 
which the impedance of the amplifier circuit might be several thousand ohms whereas the impedance of the voice 
coil of the loudspeaker might be only a few ohms. Connecting the voice coil directly to the amplifier would be 
extremely inefficient; using a transformer is the answer. The ratio of turns N,/N> between the windings of the 
transformer for maximum power transfer from a circuit of impedance Z to a circuit of impedance Z> is 


N [Z 
Ny Y\Z 
SOLVED PROBLEM 29.23 


Derive the formula Ni /N2 = /Z;/Z2 for maximum power transfer. 
From Chapter 28 


Vi MN bh M 
— = — and == — 
V, Nd 1 Ny 


Because Z; = V,/1; and Zz = V2/Jn, the impedance ratio is 


Zi Vih_ (MY 
Zo Voy \Nd 


The ratio of turns needed to match the impedances is therefore 


NM |Z 
No VY Z 
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SOLVED PROBLEM 29.24 


29.1. 


29.2. 


29.3. 


29.4. 


29.5. 


29.6. 


29.7. 


29.8. 


A loudspeaker whose voice coil has an impedance of 6 Q is to be used with an amplifier whose load 
impedance is 7350 Q. Find the ratio of turns in a transformer that will match these impedances. 


Let us use the subscripts | for the amplifier and 2 for the voice coil. From the formula for maximum power 


transfer 
Ni [|Z {7350 Q 1205 
Np Zp 6Q 


Thus the ratio of turns is 35:1, and the transformer winding connected to the amplifier should have 35 times as many 
turns as the winding connected to the voice coil. 


Multiple-Choice Questions 


The current in an ac circuit 


(a) leads the voltage (c) is in phase with the voltage 
(b) lags behind the voltage (d) is any of the above, depending on the circuit 


The current and voltage cannot be exactly in phase in a circuit that contains 


(a) only resistance (c) inductance and capacitance 
(b) only inductance (d) resistance, inductance, and capacitance 


A capacitor, an inductor, and a resistor are connected in series. If the capacitance is increased, the impedance of the 
circuit 


(a) decreases (c) decreases or increases 
(b) increases (d) decreases, increases, or stays the same 


In a certain circuit X¢ = X,. The power factor of the circuit 


(a) isO (c) isl 
(b) is 0.5 (d) depends on the resistance in the circuit 


A coil of negligible resistance is connected to a 60-V, 400-Hz ac source. If the current in the coil is 1.2 A, the 
inductance of the coil is 


(a) 8uH (c) 20mH 
(b) 14mH  (d) 50H 


The current that flows when a 5.0-UF capacitor is connected to a 120-V, 60-Hz ac source is 


(a) 016A (c) 44A 
(b) 0.23A  (d) 64kA 


When a capacitor, an inductor, and a resistor are connected in series to an ac source, the effective voltages across 
the circuit components are Vc = 12.0 V, V; = 8.0 V, and Vr = 6.0 V. The effective voltage of the source is 

(a) 45V (c) 21V 

(b) 7.2V (d) 26V 

The phase angle in the circuit of Question 29.7 is 


(a) —24° (c) 424° 
(b) —34° (d) +34° 
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29.11. 


29.12. 


29.13. 


29.14. 


29.15. 


29.1. 


29.2. 


29.3. 


29.4. 


29.5. 


29.6. 
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A circuit that contains a 0.50-lF capacitor, a 20-mH inductor, and an 8.0-Q resistor has a resonance frequency of 


(a) 1.0kHz (c) 63kHz 
(b) 1.6kHz (d) 16MHz 


A coil draws a current of 0.250 A and dissipates 10.0 W when it is connected to a 45.0-V ac source. A capacitor is 
then connected in series to bring the power factor to 1. The circuit now dissipates 

(a) 100W (ec) 12.7W 

(b) 11.3 W (d) 14.1W 


When a 24.0-V, 400-Hz ac source is connected to a series combination of a 5.00-uF capacitor, a 20.0-mH inductor, 
and a 40.0-Q resistor, the current in the circuit is 


(a) 0484A (c) 0.882 A 

(b) 0.600 A (d) 2.25A 

The phase angle in the circuit of Question 29.11 is 

(a) —36° (c) +36° 

(b) —51° (d) +51° 

The power dissipated in the circuit of Question 29.11 is 

(a) 2.5W (c) 11.6W 

(b) 94W (d) 144W 

The ac source of the circuit of Question 29.11 should have a minimum rating in voltamperes of 
(a) 2.5 VA (c) 11.6VA 

(b) 9.4 VA (d) 14.4 VA 

The circuit elements of Question 29.11 are now connected in parallel. When the same ac source is connected to the 
combination, the total current the source provides is 


(a) 0424A  (c) 0.983A 
(b) 0625A  (d) 138A 


Supplementary Problems 


The frequency of the alternating emf applied to a series circuit containing resistance, inductance, and capacitance is 
doubled. What happens to R, X,, and Xc? 


(a) What is the minimum value the power factor of a circuit can have? Under what circumstances can this occur? 
(b) What is the maximum value the power factor can have? Under what circumstances can this occur? 


A voltmeter across an ac circuit reads 40 V, and an ammeter in series with the circuit reads 6 A. (a) What is the 
maximum potential difference across the circuit? (b) What is the maximum current in the circuit? (c) What other 
information is needed to determine the power consumed in the circuit? 

Find the reactance of 10-mH coil when it is in a 500-Hz circuit. 


The reactance of an inductor is 1000 Q at 20 Hz. Find its inductance. 


A current of 0.20 A flows through a 0.15-H inductor of negligible resistance that is connected to an 80-V source of 
alternating current. What is the frequency of the source? 


CHAP. 29] ALTERNATING-CURRENT CIRCUITS 369 


29.7. 


29.8. 


29.9. 


29.10. 


29.11. 


29.12. 


29.13. 


29.14. 


29.15. 


29.16. 


29.17. 


29.18. 


29.19. 


29.20. 


29.21. 


29.22. 


Find the reactance of a 5-uF capacitor at 10 Hz and at 10 kHz. 
A capacitor has a reactance of 200 Q at 1000 Hz. What is its capacitance? 


A 5-uF capacitor is connected to a 6-kHz alternating emf, and a current of 2 A flows. Find the effective magnitude 
of the emf. 


A 5-uF capacitor draws 1 A when it is connected to a 60-V ac source. What is the frequency of the source? 


A 25-uF capacitor is connected in series with a 50-Q resistor, and a 12-V, 60-Hz potential difference is applied. Find 
the current in the circuit and the power dissipated in it. 


A capacitor is connected in series with an 8-Q resistor, and the combination is placed across a 24-V, 1000-Hz power 
source. A current of 2 A flows. Find (a) the capacitance of the capacitor, (b) the phase angle, and (c) the power 
dissipated by the circuit. 


A 0.1-H, 30-Q inductor is connected to a 50-V, 100-Hz power source. Find the current in the inductor and the power 
dissipated in it. 


The current in a resistor is | A when it is connected to a 50-V, 100-Hz power source. (a) How much inductive 
reactance is required to reduce the current to 0.5 A? What value of L will accomplish this? (b) How much capacitive 
reactance is required to reduce the current to 0.5 A? What value of C will accomplish this? (c) What will the current 
be if the above inductance and capacitance are both placed in series with the resistor? 


A pure resistor, a pure capacitor, and a pure inductor are connected in series across an ac power source. An ac 
voltmeter placed across each of these circuit elements in turn reads 10, 20, and 30 V. What is the potential difference 
of the source? 


An inductive circuit with a power factor of 80 percent consumes 750 W of power. What minimum rating in voltamperes 
must its power source have? 


An inductive load dissipates 75 W of power when it draws 1.0 A from a 120-V, 60-Hz power line. (a) What is 
the power factor? (b) What capacitance should be connected in series in the circuit to increase the power factor to 
100 percent? (c) What would the current then be? (d) How much power would the circuit then dissipate? 


A circuit that consists of a capacitor in series with a 50-Q resistor draws 4 A from a 250-V, 200-Hz power source. 
(a) How much power is dissipated? (b) What is the power factor? (c) What inductance should be connected in series 
in the circuit to increase the power factor to 100 percent? (d) What would the current then be? (e) How much power 
would the circuit then dissipate? 


In a series circuit R = 100 Q, X, = 120 Q, and Xc = 60 Q when it is connected to an 80-V ac power source. 
Find (a) the current in the circuit, (b) the phase angle, and (c) the current if the frequency of the power source were 
changed to the resonance frequency of the circuit. 


A 10-uF capacitor, a 10-mH inductor, and a 10-Q resistor are connected in series with a 45-V, 400-Hz power source. 
Find (a) the impedance of the circuit, (b) the current in it, (c) the power it dissipates, and (d) the minimum rating in 
voltamperes of the power source. 


(a) Find the resonance frequency fo of the circuit of Prob. 29.20. (b) What current will flow in the circuit if it is 
connected to a 45-V power source whose frequency is jf? (c) How much power will be dissipated by the circuit? 
(d) What must be the minimum rating of the power source in voltamperes? 


A 60-uF capacitor, a 0.3-H inductor, and a 50-Q resistor are connected in series with a 120-V, 60-Hz power source. 
Find (a) the impedance of the circuit, (b) the current in it, (c) the power it dissipates, and (d) the minimum rating in 
voltamperes of the power source. 
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29.26. 


29.27. 


29.28. 


29.1. 
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29.6. 
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29.8. 
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(a) Find the resonance frequency fo of the circuit of Prob. 29.22. (b) What current will flow in the circuit if it is 
connected to a 120-V power source whose frequency is fo? (c) How much power will be dissipated by the circuit? 
(d) What must be the minimum rating of the power source in voltamperes? 

A 10-Q resistor and an 8-uF capacitor are connected in parallel across a 10-V, 1000-Hz power source. Find (a) the 
current in each component, (b) the total current, (c) the impedance of the circuit, and (d) the phase angle and power 
dissipation of the circuit. 

A 10-Q resistor and a 2-mH inductor are connected in parallel across a 10-V, 1000-Hz power source. Find (a) the 
current in each component, (b) the total current, (c) the impedance of the circuit, and (d) the phase angle and the 
total power dissipation of the circuit. 

A 25-Q resistor, a 40-uF capacitor, and a 40-mH coil are connected in parallel to a 24-V, 100-Hz source. Find (a) the 
current in each component, () the total current in the circuit, (c) the impedance of the circuit, (d) the phase angle 
between current and voltage, and (e) the total power dissipated by the circuit. 


The circuit of Prob. 29.26 is connected to a 24-V, 200-Hz source. Answer the same questions for this case. 


A microphone whose impedance is 20 Q is to be used with an amplifier whose input impedance is 50,000 Q. Find 
the ratio of turns in the transformer needed to match these two impedances. 


Answers to Multiple-Choice Questions 


(d) 29.9. (b) 
(b) 29.10. (c) 
(c) 29.11. (a) 
(c) 29.12. (a) 
(c) 29.13. (bd) 
(b) 29.14. (c) 


(b) 29.15. (b) 


Answers to Supplementary Problems 


R is unchanged, X,, is doubled, and X¢ is halved. 


(a) The minimum value is 0, which can occur only if R = 0 in a circuit in which X_, is not equal to Xc. 


(b) The maximum value is |, which occurs at resonance when X; = Xc. 


(a) 56.6V (b) 885A (c) Phase angle 


31.4 Q 
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29.5. 0.796H 

29.6. 424 Hz 

29.7. 3183 2; 3.183 Q 

29.8. 0.796 uF 

29.9. 10.6 V 

29.10. 531 Hz 

29.11. 0.102 A; 0.524 W 

29.12. (a) 17.8uF  (b) —48° (c) 32W 

29.13. 0.72 A: 15.6 W 

29.14. (a) 86.62;1378mH (b) 86.62;184uF (c) 1A 

29.15. 14V 

29.16. 938 VA 

29.17. (a) 0.625 (b) 28.6uF (c) 16A  (d) 192W 

29.18. (a) 800W  (b) 80percent (c) 30mH (d) 5A (e) 

29.19. (a) 069A (b) 31° (©) 080A 

29.20. (a) 182 (b) 25A  (c) 625W (da) 112.5VA 

29.21. (a) 503Hz (b) 45A  (c) 202.5W  § (d) 202.5 VA 

29.22. (a) 852 (b) 141A (Cc) 994W  (d) 169 VA 

29.23. (a) 375Hz (b) 24A  (c) 288W  (d) 288VA 

29.24. (a) Ic =0.5A,Ip=10A  (c) 8.92 
(b) 112A (d) 27°:10W 

29.25. (a) I, =O08A,IgR=10A (cc) 7.72 
(b) 1.3A (d) —40°;10W 

29.26. (a) 0.960 A; 0.603 A;0.955A — (c)_-23.48.2 (ec) 23W 
(b) 1.022 A (d) TI lags V by 20° 

29.27. (a) 0.960 A; 1.206 A:0.477A — (c)_-:19.91Q (e) 23W 
(b) 1.205 A (d) TI leads V by 37° 

29.28. 


1250 W 


371 


The ratio of turns is 50:1; the winding with the greater number of turns should be connected to the amplifier since 


it has the greater impedance. 


CHAPTER 30 


Light 


ELECTROMAGNETIC WAVES 


Electromagnetic waves consist of coupled electric and magnetic fields that vary periodically as |they move 
through space. The electric and magnetic fields are perpendicular to each other and to the direction in which 
the waves travel (Fig. 30-1), so the waves are transverse, and the variations in E and B occur simultaneously. 
Electromagnetic waves transport energy and require no material medium for their passage. Radio waves, light 
waves, X-rays, and gamma rays are examples of electromagnetic waves, which differ only in frequency; they 
are listed here in order of increasing frequency. The color sensation produced by light waves depends on their 
frequency, with red light having the lowest visible frequencies and violet light the highest. White light contains 
visible light waves of all frequencies. 

Electromagnetic waves are generated by accelerated electric charges, usually electrons. Electrons oscillating 
back and forth in an antenna give off radio waves, for instance, and accelerated electrons in atoms give off light 
waves. 

In free space all electromagnetic waves have the velocity of light which is 


Velocity of light = c = 3.00 x 10° m/s = 186,000 mi/s 


Electric field 


Mp ‘(fe Wy a 


Magnetic field 


Fig. 30-1. (From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw- 
Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


SOLVED PROBLEM 30.1 
Why can light waves travel through a vacuum whereas sound waves cannot? 


Light waves consist of coupled fluctuations in electric and magnetic fields and hence require no material medium 
for their passage. Sound waves, however, are pressure fluctuations and cannot occur without a material medium to 
transmit them. 
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SOLVED PROBLEM 30.2 
A marine radar operates at a wavelength of 3.2 cm. What is the frequency of the radar waves? 
Radar waves are electromagnetic and hence travel with the velocity of light c. Therefore 


€ 3 x 108 m/s 
ee tee 
ae amo a or es ei 


LUMINOUS INTENSITY AND FLUX 


The eye responds to only part of the electromagnetic radiation emitted by most light sources (about 10 percent in 
the case of an ordinary light bulb) and is not equally sensitive to light of different colors (the greatest sensitivity 
is to yellow-green light). For these reasons the watt is not a useful unit for comparing light sources and the 
illumination they provide, and other units, more closely based on the visual response of the eye, are necessary. 

The brightness of a light source is called its luminous intensity I, whose unit is the candela (cd). The candela 
is defined in terms of the light emitted by a blackbody (see Chapter 22) at the freezing temperature of platinum, 
1773°C. The intensity of a light source is sometimes referred to as its candlepower. 

The amount of visible light that falls on a given surface is called /uminous flux F, whose unit is the lumen 
(Im). One lumen is equal to the luminous flux which falls on each 1 m? of a sphere 1 m in radius when a 1-cd 
isotropic light source (one that radiates equally in all directions) is at the center of the sphere. Since the surface 
area of a sphere of radius r is 4srr?, a sphere whose radius is 1 m has 47 m* of area, and the total luminous 
flux emitted by a I-cd source is therefore 4 Im. Thus the luminous flux emitted by an isotropic light source of 
intensity J is given by 


F=4!I 
Luminous flux = (477) (luminous intensity) 
The above formula does not apply to a light source that radiates different fluxes in different directions. In 
such a situation the concept of solid angle is needed. A solid angle is the counterpart in three dimensions of an 


ordinary angle in two dimensions. The solid angle Q (Greek capital letter omega) subtended by area A on the 
surface of a sphere of radius r is given by 


a 
= 


area on surface of sphere 


Solid angle = 
eee (radius of sphere)? 
The unit of solid angle is the steradian (sr); see Fig. 30-2. Like the degree and the radian, the steradian is a 
dimensionless ratio that disappears in calculations. 

The general definition of luminous flux is 


F=I1Q 


Luminous flux = (luminous intensity) (solid angle) 


Since the total area of a sphere is 47rr, the total solid angle it subtends is 4rr7/r? sr = 47 sr. This definition 
of F thus gives F = 4zr/ for the total flux emitted by an isotropic source, as stated earlier. The luminous flux a 
1-cd source gives off per steradian therefore equals | Im, and 1 cd equals | 1m/sr. 

The /uminous efficiency of a light source is the amount of luminous flux it radiates per watt of input power. 
The luminous efficiency of ordinary tungsten-filament lamps increases with their power, because the higher 
the power of such a lamp, the greater its temperature and the more of its radiation is in the visible part of the 
spectrum. The efficiencies of such lamps range from about 8 lm/W for a 10-W lamp to 22 lm/W for a 1000-W 
lamp. Fluorescent lamps have efficiencies from 40 to 75 Im/W. 
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Area=A 
Solid angle = Q= 4 


2 


Luminous intensity = 7 = 


Luminous flux = F = JQ 
Radius = r 


F 


Illumination = EF = 


Fig. 30-2 


ILLUMINATION 


The illumination (or illuminance) E of a surface is the luminous flux per unit area that reaches the surface: 


F 

E=— 

A 
ee luminous flux 
Illumination = WH 


area 


In SI, the unit of illumination is the lumen per square meter, or /ux (1x); in the British system it is the lumen per 
square foot, or footcandle (fc) (Table 30-1). 


Table 30-1 


Quantity Meaning Unit 


Luminous intensity Brightness of light source Candela (cd) 
Solid angle Three-dimensional equivalent = Steradian (sr) 
of a plane angle 
Luminous flux Amount of visible light Lumen (Im) 


Luminous efficiency Ratio of luminous flux to input Lumen/watt (Im/W) 
power of light source 


Illumination Luminous flux per unit area Lux (1x)(= Im/m?) 


Footcandle (fc) 
(= Im/ft?) 


The illumination on a surface a distance R away from an isotropic source of light of intensity J is 
Icos@é 
= 
where 6 is the angle between the direction of the light and the normal to the surface (Fig. 30-3). Thus the 
illumination from such a source varies inversely as R?, just as in the case of sound waves; doubling the distance 
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normal to 
surface 


| 
| 
| 
| 


Fig. 30-3 


means reducing the illumination to (4)° = ; its former value. For light perpendicularly incident on a surface, 
8 = 0 and cos 6 = 1, so in this situation the illumination is E = I/ R?. 


SOLVED PROBLEM 30.3 


A 10-W fluorescent lamp has a luminous intensity of 35 cd. Find (a) the luminous flux it emits and (b) its 
luminous efficiency. 


(a) F =4mI = (47)(35 cd) = 440 lm 
. . F 440 1m 
(b) Luminous efficiency = — = = 44 Im/W 
P 10 W 
SOLVED PROBLEM 30.4 


A spotlight concentrates all the light from a 100-cd bulb in a circle 1.3 m in radius on a wall. If the 
spotlight beam is perpendicular to the wall, find the illumination it produces. 


The luminous flux emitted by the bulb is 


F = 4m1 = (4m) (100 cd) = 4007 Im 


The area of a circle 1.3 min radius is A = zr? = (1)(1.3 m)* = 1.69 m”. Hence the illumination is 


F 400z Im 


E — — 
A 1.697 m2 


= 237 Im/m* = 237 Ix 


SOLVED PROBLEM 30.5 
What area on the surface of a sphere of radius 60 cm is cut by a solid angle of 0.2 sr from its center? 
Since Q = A/r?, here 
A = Qr* = (0.2 sr) (60 cm)? = 720 cm? 


We note that the steradian, which is a dimensionless ratio, does not appear in the result. 


SOLVED PROBLEM 30.6 


A spotlight concentrates the light from a 150-cd bulb into a circle 0.8 m in radius a distance 25 m away. 
Find the luminous intensity of the source looking into the beam. This is the luminous intensity of an 
isotropic source that provides the same luminous flux on the illuminated circle. 
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The bulb emits the total luminous flux 
F =4mI = (47)(150 cd) = 1885 lm 


Because the radius R of the illuminated circle is small compared with the radius r of a sphere whose center is the 
spotlight, we can neglect the difference between the circle’s plane area of R* and its area measured on the surface of 
the sphere. Hence the solid angle of the spotlight beam is 


A «R? _ (x)(0.8m)? 


Pp (25 my? = 


The luminous intensity /’ of the spotlight looking into its beam is therefore 


F 1885 1m 
P22. ashe iw al 
oe wo 


The source brightness has been increased by a factor of I’/J = 3927 by the optical system of the spotlight. 


SOLVED PROBLEM 30.7 


An illumination of about 800 Ix is recommended for reading. How far away from a book should a 75-W 
lamp of intensity 90 cd be located if the angle between the light rays and the plane of the opened book is 
60°? 


The angle between the light rays and the normal to the book is @ = 30°. Since E = (J cos @)/R?, 


= 0.31 m= 31cm 


= / Tcos@ _ i= cd) (cos 30°) 
E 800 Im/m? 


SOLVED PROBLEM 30.8 


A 60-W light bulb whose luminious efficiency is 14 lm/W is suspended 2 m over a table. (a) What is the 
illumination on the table directly under the bulb? (b) How high over the table should the bulb be in order 
to double that illumination? 


(a) The luminous flux emitted by the bulb is 
F = (60 W)(14 Im/W) = 840 Im 


Since F = 4zr/, the intensity of the bulb is 


The illumination at a distance of R = 2 m is 


I 8cd 
a Oe eine ei 
R2 (Qm)? 
(b) Since E = 1/R?, 
E, Ri 
E, 1,R3 


Here J; = J, and E,/E, = 2, so 
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SOLVED PROBLEM 30.9 


A lamp is suspended 6 ft over a large table. How much greater is the illumination directly under the lamp 
as compared with the illumination at a point on the table 4 ft to one side? 


Directly under the lamp the illumination is 


and at a distance d away on the table it is 
I cos@ 
2 a 
Ry 


With the help of Fig. 30-4 we have 


Ry =4/ Ri +d? = ¥/(6 ft)? + (4 ft)? = 7.2 ft 


R 6 ft 
and cos@ = — = 


= ——~ = 0.83 
Ro 7.2 ft 


Hence, 


E, 1/R2 R3 (7.2 ft)? 


E,  (1cos)/R2 -R2cos0 (6 f)2(0.83) 


The illumination is 1.7 times greater directly under the lamp. 


REFLECTION OF LIGHT 


When a beam of light is reflected from a smooth, plane surface, the angle of reflection equals the angle of 
incidence (Fig. 30-5). The image of an object in a plane mirror has the same size and shape as the object but with 
left and right reversed; the image is the same distance behind the mirror as the object is in front of it. 


Angle of Angle of 
incidence reflection 


Fig. 30-5 
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SOLVED PROBLEM 30.10 


A woman 170 cm tall wishes to buy a mirror in which she can see herself at full length. What is the 
minimum height of such a mirror? How far from the mirror should she stand? 


Since the angle of reflection equals the angle of incidence, the mirror should be half her height (85 cm) and 
placed so its top is level with the middle of her forehead (Fig. 30-6). The distance between the mirror and the woman 
does not matter. 


—— 
cl 


Fig. 30-6 


REFRACTION OF LIGHT 


When a beam of light passes obliquely from one medium to another in which its velocity is different, its 
direction changes (Fig. 30-7). The greater the ratio between the two velocities, the greater the deflection. If 
the light goes from the medium of high velocity to the one of low velocity, it is bent toward the normal to the 
surface; if the light goes the other way, it is bent away from the normal. Light moving along the normal is not 
deflected. 


Air 
Water 


Fig. 30-7 


The index of refraction of a transparent medium is the ratio between the velocity of light in free space c and 
its velocity in the medium v: 
. c 
Index of refraction = n = — 
v 


The greater its index of refraction, the more a beam of light is deflected on entering a medium from air. The 
index of refraction of air is about 1.0003, so for most purposes it can be considered equal to 1. 
According to Snell’s law, the angles of incidence i and refraction r shown in Fig. 30-7 are related by the 
formula 
sini VI 7D) 


sinr v2 n\ 
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where v, and n, are, respectively, the velocity of light and index of refraction of the first medium and v2 and nz 
are the corresponding quantities in the second medium. Snell’s law is often written 


n, sini =n sinr 


In general, the index of refraction of a medium increases with increasing frequency of the light. For this 
reason a beam of white light is separated into its component frequencies, each of which produces the sensation 
of a particular color, when it passes through an object whose sides are not parallel, for instance, a glass prism. 
The resulting band of color is called a spectrum (Fig. 30-8). 


Glass 
prism 


Screen 


Violet 


Fig. 30-8. (From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw- 
Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


SOLVED PROBLEM 30.11 


Why is a beam of white light that passes perpendicularly through a flat pane of glass not dispersed into 
a spectrum? 


Light incident perpendicular to a surface is not deflected, so light of the various frequencies in white light stays 
together despite the different velocities in the glass. 


SOLVED PROBLEM 30.12 
The index of refraction of diamond is 2.42. What is the velocity of light in diamond? 
Since n = c/v, here 


3 x 108 m/ 
pot ate 4 is 
n 2.42 


SOLVED PROBLEM 30.13 


A beam of light enters a lake at an angle of incidence of 40°. Find the angle of refraction. The index of 
refraction of water is 1.33. 


Here medium | is air and medium 2 is water. From Snell’s law, 


; nm. , 1.00 . 
sinr = — sini = —— sin40° = 0.483 r = 29° 
No 1.33 


The angle of refraction is less than the angle of incidence because nz > ny. 


SOLVED PROBLEM 30.14 


A lantern held by a submerged skin diver directs a beam of light at the surface of a lake at an angle of 
incidence of 40°. Find the angle of refraction. 
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Now medium | is water and medium 2 is air. Hence 


sinr = — sini = —— sin40° = 0.855 
n2 1.00 


r = 59° 


The angle of refraction is greater than the angle of incidence because nz < nj. 


SOLVED PROBLEM 30.15 


A beam of light strikes a pane of glass at an angle of incidence of 50°. If the angle of refraction is 30°, 
find the index of refraction of the glass. 


According to Snell’s law, n; sini = n sin r. Here air is medium 1, son; = 1.00 and 


sini sin 50° 
mam) ( ) = (1.00) ( - ) = 153 
sinr sin 30° 


SOLVED PROBLEM 30.16 


Aray of light enters a glass plate whose index of refraction is 1.5 at an angle of incidence of 50° (Fig. 30-9). 
At what angle does the ray leave the other side of the plate? 


Air 
Glass 


Fi) 


io} 


Fig. 30-9 


We start by finding the angle of refraction r; at the first side of the plate: 


: Nair Pa 1.0 é 
sinr,; = {| —— ] (sini,) = {| — ] (sin 50°) 
Nglass Ld 


1.0 
r; = sin! Ge sin 50") = sin! 0.51 = 30.7° 


The angle of incidence i, at the other side of the plate is equal to r,. Hence 


Nglass fi hice Nlass 7 1.5 ‘ 
—— } (sinin) = | —— } (sinr,) = {| — } (sin30.7°) 
Nair Nair 1.0 


1.5 
ry = sin! Gr sin 20.7°) =50" 


sin ry 


The ray leaves the glass plate parallel to its original direction but shifted to one side. This result would be true 
regardless of the index of refraction of the glass. 
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TOTAL INTERNAL REFLECTION 


The phenomenon of total internal reflection can occur when light goes from a medium of high index of refraction 
to one of low index of refraction, for example, from glass or water to air. The angle of refraction in this situation is 
greater than the angle of incidence, and the refracted light ray is bent away from the normal, as in Fig. 30-10(a), 
at the interface between the two media. At the critical angle of incidence, the angle of refraction is 90° 
[Fig. 30-10(b)], and at angles of incidence greater than this the refracted rays are reflected back into the original 
medium in accordance with the law of reflection [Fig. 30-10(c)]. If the critical angle is i,, 


Ny > Ny 


Fig. 30-10 
SOLVED PROBLEM 30.17 
Derive the formula sini, = n2/n}. 
At the critical angle i, the angle of refraction r is 90°, so sinr = sin 90° = 1 wheni = i,. Substituting sinr = 1 
into Snell’s law 
n, sini = n> sinr 
das 4 ng 
yields n, Sini, = nz sini, = — 


ny 


SOLVED PROBLEM 30.18 


Find the critical angle for light going from crown glass (n = 1.52) to air (n = 1.00) and for light going 
from crown glass to water (n = 1.33). 


For light going from glass into air, 


iii Si = 41° 
sini 152 0.658 i 
For light going from glass into water, 
ile 
sini, = ao = 0.875 i, = 61° 
1.52 


SOLVED PROBLEM 30.19 


Prisms are used in optical instruments instead of mirrors to change the direction of light beams by 90° 
because total internal reflection better preserves the sharpness and brightness of light beams. What is the 
minimum index of refraction of the glass used in such prisms? 
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As Fig. 30-11 shows, the angle of incidence must be 45°, so the critical angle must be at least 45°. Hence the 
minimum value of n is 


1 1 
—_ =— = 1.41 
sin I, sin 45° 


Fig. 30-11 


APPARENT DEPTH 


An object submerged in water or other transparent liquid appears closer to the surface than it actually is. As 
Fig. 30-12 shows, light leaving the object is bent away from the normal to the water-air surface as it leaves the 
water. Since an observer interprets what she or he sees in terms of the straightline propagation of light, the object 
seems at a shallower depth than its true one. The ratio between apparent and true depths is 

Apparent depth hh’ = no 


Truedepth hn, 


where 7 is the index of refraction of the liquid and nz is the index of refraction of air. 


¥ 


apparent 
depth 


|< 


| * 
h = true 
depth 


SOLVED PROBLEM 30.20 


The water in a swimming pool is 2 m deep. How deep does it appear to be to someone looking down 
into it? 


Here n; = 1.33 and n2 = 1.00, so 


1.00 
= = @m/( )=15m 
n 


Multiple-Choice Questions 


30.1. The magnetic field of an electromagnetic wave is 


(a) parallel to the electric field and to the wave direction 

(b) parallel to the electric field and perpendicular to the wave direction 
(c) perpendicular to the electric field and to the wave direction 

(d) perpendicular to the electric field and parallel to the wave direction 
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30.2. 


30.3. 


30.4. 


30.5. 


30.6. 


30.7. 


30.8. 


30.9. 


30.10. 


30.11. 


30.12. 


Electromagnetic waves transport 


(a) frequency (c) charge 
(b) wavelength (d) energy 


A transparent medium has an index of refraction that is 


(a) less than 1 (c) greater than 1 
(b) 1 (d) any of the above 


For total internal reflection to occur when light passes from one medium to another, the second medium must have 
an index of refraction relative to that of the first medium that is 


(a) lower (c) higher 
(b) the same (d) any of the above, depending on the angle of incidence 


The unit of the luminous intensity (brightness) of a light source is the 


(a) lumen (c) footcandle 
(b) tux (d) candela 


The minimum illumination recommended for reading is 


(a) 800cd (c) 8001x 
(b) 800lu (d) 800W 


A hemisphere subtends a solid angle about its center of 


(a) m/2sr (c) 2m sr 
(b) asr (d) 4 sr 


The luminous flux emitted by an isotropic light source is concentrated on an area of 0.5 m* whose illumination is 
750 1x. The luminous intensity of the light source is 


(a) 30cd (c) 375cd 
(b) 60cd (d) 4712cd 


The velocity of light in diamond is 1.24 x 10° m/s. The index of refraction of diamond is 


(a) 124 (c) 2.42 
@) 231 @ 3.72 


Light goes from medium A to medium B at an angle of incidence of 40°. The angle of refraction is 30°. The velocity 
of light in medium B is 


(a) less thanin A (c) greater than in A 
(b) the same as in A (d) any of the above, depending on the specific media involved 


Light enters a glass plate at an angle of incidence of 25°. If the index of refraction of the glass is 1.6, the angle of 
refraction is 

(a) 15° (c) 40° 

(b) 16° (d) 43° 


A diver with a flashlight shines a light beam upward from the bottom of a pool at an angle of incidence of 40°. The 
light leaves the surface of the pool at an angle of refraction of 60°. The index of refraction of water is 


(a) 0.67 (c) 13 
(b) 0.74 (d) 15 
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30.13. 


30.14. 


30.1. 


30.2. 


30.3. 


30.4. 
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A medal in a plastic cube appears to be 12 mm below its upper surface. If n = 1.5 for the plastic, the depth of the 
medal is actually 


(a) 6mm (c) 18mm 
(b) 8mm (d) 24mm 


Light going from glass of n = 1.5 to ethanol has a critical angle of incidence of 63°. The index of refraction of 
ethanol is 


(a) 059 (c) 123 
(b) 0.75 (d) 24 


Supplementary Problems 


When a light beam enters one medium from another, which (if any) of the following quantities never changes—the 
direction of the beam, its velocity, its frequency, its wavelength? 


Is it possible for the index of refraction of a substance to be less than 1? 
In Fig. 30-13, which is the refracted ray? 


In Fig. 30-14, which of the diagrams could represent the path of a light ray passing through a glass plate in air? 


Water | Air 
>A 
B 
C 
D 
Fig. 30-13 
Glass 
plate 
A B Cc D 


Fig. 30-14 
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30.5. 


30.6. 


30.7. 


30.8. 


30.9. 


30.10. 


30.11. 


30.12. 


30.13. 


30.14. 


30.15. 


30.16. 


30.17. 


30.18. 


30.19. 


30.1. 


30.2. 


30.3. 


30.4. 


30.5. 


30.6. 


30.7. 


What is the frequency of radio waves whose wavelength is 20 m? 
A certain radio station transmits at a frequency of 1050 kHz. What is the wavelength of these waves? 
A 100-W tungsten-filament lamp has a luminous efficiency of 16 lm/W. Find its intensity in candelas. 


A newspaper is held 20 ft from a 2000-cd street lamp at midnight. What is the maximum illumination of the 
newspaper? 


A 150-cd lamp is to be substituted for a 100-cd lamp over a workbench. If the original lamp was 2 m above the 
workbench, how much higher can the new lamp be and still provide the same illumination? 


Find the solid angle subtended at the center of a sphere of radius 2.0 m by an area of 50 cm” on its surface. 


An illumination of 104 Ix is produced on a screen by a projector 6 m away. Find the luminous intensity of the 
projector looking into its beam. 


What intensity should a lamp have if it is to provide an illumination of 400 1x at a distance of 3 m on a surface whose 
normal is 20° from the direction of the light rays? 


A playing field 250 ft by 400 ft is to have an average illumination at night of 30 ft. How many 4000-cd lamps are 
needed if reflectors are used that enable 40 percent of their luminous flux to reach the field? 


The index of refraction of benzene is 1.50. Find the velocity of light in benzene. 
The velocity of light in ice is 2.3 x 108 m/s. What is its index of refraction? 


A beam of light enters a plate of flint glass (1 = 1.63) at an angle of incidence of 40°. Find the angle of 
refraction. 


A beam of light enters a tank of glycerin at an angle of incidence of 45°. The angle of refraction is 29°. Find the 
index of refraction of glycerin. 


Find the critical angle for total internal reflection for light going from ice (n = 1.31) into air. 


A stick frozen into a pond in winter appears to be 3 cm below the surface. What is its actual depth in the ice? 


Answers to Multiple-Choice Questions 


(c) 30.8. (a) 
(d) 30.9. (c) 
(c) 30.10. (a) 
(a) 30.11. (a) 
(d) 30.12. (c) 
(c) 30.13. (c) 


(c) 30.14. (c) 
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30.1. 


30.2. 


30.3. 


30.4. 


30.5. 


30.6. 


30.7. 


30.8. 


30.9. 


30.10. 


30.11. 


30.12. 


30.13. 


30.14. 


30.15. 


30.16. 


30.17. 


30.18. 


30.19. 
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Answers to Supplementary Problems 


Only the frequency never changes. 

No, because this would mean a velocity of light greater than its velocity in free space, which is not possible. 
D 

G 

1.5 x 10’ Hz = 15 MHz 

286m 

127 cd 

5 fe 

0.45 m higher for a total height of 2.45 m 
0.00125 sr 

3.6 x 10° cd 

3831 cd 

149 lamps 

2 x 10° m/s 

1.3 

23° 

1.46 

50° 


3.93 cm 


Spherical Mirrors 


CONCAVE AND CONVEX MIRRORS 


The reflecting surface of a concave mirror has the shape of the inside of a sphere. Figure 31-1 shows how a 
concave mirror converges a parallel beam of light to a focal point F in front of the mirror. Light passes through 
the focal point of a concave mirror, so such a focal point is called real. The distance from the focal point to the 
mirror’s surface is the focal length f of the mirror. If the radius of curvature of the mirror is R, its focal length is 
given by f = R/2. 

The reflecting surface of a convex mirror has the shape of the outside of a sphere. Figure 31-2 shows how 
a convex mirror diverges a parallel beam of light so that the reflected rays appear to come from a focal point F 
behind the mirror. Because light does not actually pass through the focal point of a convex mirror, such a focal 
point is called virtual. The distance from F to the mirror’s surface is the focal length f of the mirror. If the radius 
of curvature of the mirror is R, its focal length is given by —R/2; it is considered negative because the focal 
point is virtual. Thus 


Concave mirror : f=t 


Convex mirror : f= =a 


The axis of a mirror of either kind is the straight line that passes through C and F. 


R =radius of curvature 
C=center of curvature 
F = virtual focal point 
f = focal length 


R=radius of curvature 
C=center of curvature 
F =real focal point 
f = focal length 

= 


Concave 
| mirror 


Ne 


Convex 
mirror 


m 


Fig. 31-1 Fig. 31-2 
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OBJECTS AND IMAGES 


A spherical mirror can produce an image of an object placed in front of it. A real object is located in front of a 
mirror. A virtual object seems to be located behind the mirror and must itself be an image produced by another 
mirror or lens. A real image is formed by light rays that actually pass through the image, so a real image will 
appear on a screen placed at the position of the image. A virtual image can be seen only by the eye since the 
light rays that seem to come from the image do not actually pass through it. Real images are located in front of 
a mirror; virtual images seem to be located behind it. 


RAY TRACING 


The position and size of the image formed by a spherical mirror of an object in front of it can be found by 
constructing a scale drawing. What is done is to trace two different light rays from each point of interest in the 
object to where they (or their extensions, in the case of a virtual image) intersect after being reflected by the 
mirror. Three rays especially useful for this purpose are shown in Fig. 31-3; any two are sufficient: 


1. A ray that leaves the object parallel to the axis of the mirror. After reflection, this ray passes through the 
focal point of a concave mirror or seems to come from the focal point of a convex mirror. 


2. A ray that passes through the focal point of a concave mirror or is directed toward the focal point of a 
convex mirror. After reflection, this ray travels parallel to the axis of the mirror. 


3. Array that leaves the object along a radius of the mirror. After reflection, this ray returns along the same 
radius. 


Virtual 
image 


F 


) 


Fig. 31-3 


SOLVED PROBLEM 31.1 
What is spherical aberration? 


Spherical aberration refers to the fact that light rays from a point on an object that are reflected at different 
distances from the axis of a spherical mirror do not converge to (or appear to diverge from) a single point. This effect 
is shown in Fig. 31-4(a) for parallel rays reaching a concave mirror: Rays reflected from the outer parts of the mirror 
converge at focal points closer to the mirror than those reflected near the mirror’s axis. As a result, a spherical mirror, 
which has a circular cross section, produces sharp images only close to the mirror axis. Concave mirrors whose cross 
sections are parabolic as in Fig. 31-4(b), do not suffer from spherical aberration and are used when high-quality 
images are required, for instance, in telescopes. 
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(a) (b) 


Fig. 31-4 


SOLVED PROBLEM 31.2 
What is the nature of the image of a real object formed by a convex mirror? 


The image is virtual, erect, and smaller in size than the object, as in Fig. 31-3(b). 


SOLVED PROBLEM 31.3 
An object is placed at the focal point of a concave mirror. Is an image formed? 


As Fig. 31-5 shows, the reflected rays are parallel to each other and so no image is formed. 


(No image) 


Fig. 31-5 


MIRROR EQUATION 


When an object is distance p from a mirror of focal length f, the image is located distance g from the mirror, 
where 


1 1 1 


+ = 
Object distance imagedistance focal length 


This equation holds for both concave and convex mirrors (see Fig. 31-6). The mirror equation is readily solved 
for p,q, or f: 


_ af _ pf 


= a= Pq 
Gy. p—f 


fash 
p+q 


A positive value of p or gq denotes a real object or image, and a negative value denotes a virtual object or 
image. 
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J = focal length 


p = object distance 
q = image distance 


(6) 


Fig. 31-6 
MAGNIFICATION 


The linear magnification m of any optical system is the ratio between the size (height or width or other transverse 
linear dimension) of the image and the size of the object. In the case of a mirror, 


hh! q 
ha SS SS 
h P 
. . . image height image distance 
Linear magnification = — - = - - 
object height object distance 


A positive magnification signifies an erect image, as in Fig. 31-6(b); a negative one signifies an inverted image, 
as in Fig. 31-6(a). Table 31.1 is a summary of the sign conventions used in connection with spherical mirrors. 


Table 31-1 


Quantity Positive Negative 


Focal length f Concave mirror Convex mirror 
Object distance p Real object Virtual object 


Image distance q Real image Virtual image 


Magnification m Erect image Inverted image 


Height h Erect image Inverted image 


SOLVED PROBLEM 31.4 


A candle 5 cm high is placed 20 cm in front of a concave mirror whose focal length is 15 cm. Find the 
location, size, and nature of the image. 
Here p = 20 cm and f = 15 cm, so the image distance is 


_ pf _ (20 cm)(15 cm) = 
~ p—f 20cm—15cm 


q 60 cm 


The image is real and on the same side of the mirror as the candle (Fig. 31-7). The height of the image is 


=p Z = Gem (on) = 15cm 
Pp 20 cm 


which is greater than the height of the candle. The minus sign indicates an inverted image. 
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In general, an object placed between the focal point and the center of curvature C of a concave mirror (that is, 
with p greater than f but less than 2 f) will have a real, inverted image that is larger than the object. 


Fig. 31-7 


SOLVED PROBLEM 31.5 


A pencil 12 cm long is placed at the center of curvature of a concave mirror whose focal length is 40 cm. 
Find the location, size, and nature of the image. 


Since f = R/2 for a concave mirror, p = R = 2f = 80 cm here. The image distance is therefore 


pf _ (80cm)(40cm) | 


= = 80 cm 
p-f 80 cm — 40 cm 


q 


The image is real and at the same distance from the mirror as the object (Fig. 31-8). The height of the image is 


a a) 80cm)\ _ 
C= a cm) 90 can = -—12cm 


which is the same as the height of the object. The minus sign indicates an inverted image. 
In general, an object placed at the center of curvature of a concave mirror has a real, inverted image the same 
size as the object and at the same distance from the mirror. 


Fig. 31-8 Fig. 31-9 


SOLVED PROBLEM 31.6 


A cigar 15 cm long is placed 75 cm in front of a concave mirror whose focal length is 30 cm. Find the 
location, size, and nature of the image. 


Here p = 75 cm and f = 30cm, so the image distance is 


— pf _ (75 cm)(30 cm) 
4 > -f  7T5cm—30cm 


= 50cm 


The image is real and on the same side of the mirror as the cigar (Fig. 31-9). The length of the image is 


50 
is 2 S05 oe ( =) = —10cm 
P 


75cm 


which is smaller than the length of the cigar. The minus sign indicates an inverted image. 


SOLVED PROBLEM 31.7 


A reflecting telescope that uses a concave mirror whose radius of curvature is 4 m produces an image 
of the moon on a photographic plate. The moon’s diameter is approximately 3500 km, and it is about 
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384,000 km from the earth. (a) How far should the photographic plate be placed from the mirror? (b) What 
will be the size and nature of the moon’s image? 


(a) The object distance is so much greater than the mirror’s focal length of f = R/2 = 2 m that we can let p = co 
here. Substituting 1/p = 0 and f = 2 m into the mirror equation yields 


til 1 aie 1 ‘ 
= - = - => q= m 
pq f q 2m 


The image is real and on the same side of the mirror as the moon. 
(b) Since the moon’s diameter ish = 3500 km = 3.5x 10° mand object distance is p = 384,000 km = 3.84x 10° m, 


the diameter of the moon’s image is 


2m 
3.84 x 108 m 


f= Sa SGss 10° m) ( )- 0.018 m = —18 mm 
P 
The minus sign indicates an inverted image (Fig. 31-10). 
In general, an object very far away from a concave mirror relative to its focal length will have a real, 
inverted image smaller than the object and located very nearly at the focal point of the mirror. 


Rays from same point 
on distant object 


Fig. 31-10 Fig. 31-11 


SOLVED PROBLEM 31.8 


A concave mirror has a radius of curvature of 120 cm. How far from the mirror should one’s face be so 
that the image is erect and twice the size of the actual face? Is the image real or virtual? 


The focal length of the mirror is f = R/2 = 60 cm and is positive since the mirror is concave. Because the 
image is to be erect and twice the size of the object, m = +2. We know m and f and are to find the object distance p. 
There are various ways to do this, one of which is as follows. Since m = —q/p, we have q = —mp. The negative 
image distance signifies a virtual image (Fig. 31-11). Substituting g = —mp in the mirror equation enables us to 
solve for p: 


pe (=) (2—1) =30cem 
m 


In general, an object placed closer to a concave mirror than its focal point (that is, closer than f) will have a 
virtual, erect image that is larger than the object. 


SOLVED PROBLEM 31.9 


How far away from a concave mirror of 40-cm focal length should a real object 30 mm long be located 
in order that its image be 8 mm long? 


When a concave mirror forms an image that is smaller than the object, the image is always inverted (see 
Fig. 31-9). An inverted image is considered to have a negative height, so here the magnification is 


_ h’ _ —8 mm 
~ hh 30mm 


= —0.267 


m 
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From the solution to Prob. 31.8, 


m —0.267 


If we had not known that the image was inverted and had used a magnification of +0.267, the result would have 
been an object distance of —110 cm. But a negative object distance signifies a virtual object, whereas here we are 
given a real object, so it would be clear that the wrong sign has been used for the magnification. 


f (45) 
p= tee = (—0.267 — 1) = 190 cm 


SOLVED PROBLEM 31.10 


A grasshopper 5 cm long is 25 cm in front of a convex mirror whose radius of curvature is 80 cm. Find 
the location, size, and nature of the image. 


The focal length of the mirror is 


The image distance is 

pf (25 cm)(—40 cm) (25 cm)(40 cm) 
p—f  2cm—(@0cm) 25cm+40cm 
The minus sign indicates a virtual image located behind the mirror (Fig. 31-12). The length of the image is 


, qd —15.4cm 
h’ = —h — = (—5 cm) = 3.1cm 
Dp 25 cm 


q= —15.4cm 


A positive value for h’ signifies an erect image. 


x7 


Fig. 31-12 


Multiple-Choice Questions 


31.1. When a spherical mirror forms a real image, the image relative to its object is always 
(a) smaller (c) erect 
(b) larger (d) inverted 

31.2. An image distance that is negative means that the image is 


(a) erect (c) real 
(b) inverted (d) virtual 
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31.3. A magnification that is negative means that the image is 


(a) erect (c) smaller than the object 
(b) inverted (d) larger than the object 


31.4. An erect image is formed by a concave mirror when the object distance is 


(a) less than f (c) between f and2f 
(b) f (d) greater than 2 f 


31.5. A concave mirror forms an enlarged image of an object 


(a) for no values of p (c) when p is more than 2 f 
(b) when p is less than 2 f (d) for all values of p 


31.6. A convex mirror forms an enlarged image of an object 


(a) for no values of p (c) when p is more than 2 f 
(b) when p is less than 2 f (d) for all values of p 


31.7. The focal length of a convex mirror whose radius of curvature is 24 cm is 


(a) —12 cm (c) +12 cm 
(b) —48 cm (d) +48 cm 


31.8. A candle 6 cm high is 40 cm in front of a concave mirror whose focal length is +60 cm. The image is 


(a) 2cm high, erect (c) 2cm high, inverted 
(b) 18cm high, erect (d) 18cm high, inverted 


31.9. The candle of Question 31.8 is 100 cm in front of the same mirror. The image is now 


(a) 4cm long, erect (c) 4cm long, inverted 
(b) 9cm long, erect (d) 9cm long, inverted 


31.10. A candle 6 cm high is 40 cm in front of a convex mirror whose focal length is —60 cm. The image is 


(a) 3.6 cm long, erect (c) 3.6 cm long, inverted 
(b) 10cm long, erect (d) 10cm long, inverted 


Supplementary Problems 


31.1. What does a positive magnification signify? A magnification that is less than 1? 
31.2. Under what circumstances does a concave mirror produce a real image of a real object? A virtual image? 


31.3. A moth flies toward a convex mirror. Does its image become larger or smaller as it approaches the mirror’s focal 
point? What kind of image is it? 


31.4. (a) A concave mirror has a radius of curvature of 30 cm. What is its focal length? (b) A convex mirror has a radius 
of curvature of 30 cm. What is its focal length? 


31.5. A match 6 cm long is placed 30 cm in front of a concave mirror whose focal length is 50 cm. Find the location, size, 
and nature of the image. 


31.6. The match of Prob. 31.5 is placed 50 cm in front of the same mirror. Find the location, size, and nature of the image. 


31.7. The match of Prob. 31.5 is placed 80 cm in front of the same mirror. Find the location, size, and nature of the image. 
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31.8. 


31.9. 


31.10. 


31.11. 


31.12. 


31.1. 


31.2. 


31.3. 


31.4. 


31.5. 


31.1. 


31.2. 


31.3. 


31.4. 


31.5. 


31.6. 


31.7. 


31.8. 


31.9. 


31.10. 


31.11. 


31.12. 


The match of Prob. 31.5 is placed 100 cm in front of the same mirror. Find the location, size, and nature of the image. 
The match of Prob. 31.5 is placed 3 m in front of the same mirror. Find the location, size, and nature of the image. 


A pencil 6 in. long is placed 8 in. in front of a mirror whose focal length is —15 in. Find the location, size, and nature 
of the image. 


How far away from a concave mirror of a 25-cm focal length should a real object be located so that its image is 
one-third its actual size? 


A shaving mirror is intended to produce an erect image of a man’s face 2.5 times its actual size when the face is 
30 cm in front of it. (a) Should the mirror be concave or convex? (b) What should its radius of curvature be? 


Answers to Multiple-Choice Questions 


(d) 31.6. (a) 
(d) 3.7. (a) 
(b) —- 31.8. (b) 
(a) 31.9. (d) 


(b) 31.10. (a) 


Answers to Supplementary Problems 


An erect image; an image smaller than the object. 


When the object distance is greater than the focal length of the mirror; when the object distance is less than the focal 
length. 


Larger, virtual, and erect. 

(a) 15cm (b) —15cm 

The image is 75 cm behind the mirror, 15 cm long, virtual, and erect. 

No image is formed. 

The image is 133 cm in front of the mirror, 10 cm long, real, and inverted. 
The image is 100 cm in front of the mirror, 6 cm long, real, and inverted. 
The image is 60 cm in front of the mirror, 1.2 cm long, real, and inverted. 
The image is 5.22 in. behind the mirror, 3.91 in. long, virtual, and erect. 
100 cm 


(a) Concave (b) 200 cm 


Lenses 


FOCAL LENGTH 


Figure 32-1 shows how a converging lens brings a parallel beam of light to a real focal point F, and Fig. 32-2 
shows how a diverging lens spreads out a parallel beam of light so that the refracted rays appear to|come from 
a virtual focal point F’.. In this chapter we consider only thin lenses, whose thickness can be neglected as far as 
optical effects are concerned. The focal length f of a thin lens is given by the lensmaker’s equation: 


1 io 
ad es R> 


In this equation n is the index of refraction of the lens material relative to the medium it is in, and Rj and Ro are 
the radii of curvature of the two surfaces of the lens. Both R, and R, are considered as plus for a convex (curved 
outward) surface and as minus for a concave (curved inward) surface; obviously it does not matter which surface 
is labeled as | and which as 2. 

A positive focal length corresponds to a converging lens and a negative focal length to a diverging lens. 


F = real focal point 


F = virtual focal point 


Fig. 32-1 Fig. 32-2 


SOLVED PROBLEM 32.1 


A planoconvex lens has one plane surface and one convex surface. If a planoconvex lens of focal length 
12 cm is to be ground from glass of index of refraction 1.60, find the radius of curvature of the convex 
surface. 


The radius of curvature of the plane surface is infinity, so if we call this surface 1, then 1/R; = 0. From the 
lensmaker’s equation 


and so Ro = (n — 1) f = 1.60 — 1.00)(12 cm) = 7.2 cm 
396 
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SOLVED PROBLEM 32.2 


A meniscus lens has one concave and one convex surface. The concave surface of a particular meniscus 
lens has a radius of curvature of 30 cm, and its convex surface has a radius of curvature of 50 cm. The 


index of refraction of the glass used is 1.50. (a) Find the focal length of the lens. (b) Is it a converging 
lens or a diverging lens? 


(a) Here R,; = —30 cm (since the first surface is concave, its radius is considered negative), and R, = +50 cm. 
Hence 
ai 1) eee = (1.50 — 1.00) : + : = —0.00667 cm! 
ie an oe oe ; 30cm 50cm) cae 
= : = —150 
f =~ 900667 em? = = 


(b) A negative focal length signifies a diverging lens. 


SOLVED PROBLEM 32.3 


A lens made of glass whose index of refraction is 1.60 has a focal length of +20 cm in air. Find its focal 
length in water, whose index of refraction is 1.33. 


Let f be the focal length of the lens in air and f’ be its focal length in water. The index of refraction of the 
glass relative to air is n = 1.60 since the index of refraction of air is very nearly equal to 1. The index of refraction 
of the glass relative to water is 


, _ index of refraction of glass — 1.60 _ 1.20 
—— index of refraction of water 1.33. 


From the lensmaker’s equation, since R; and R> are the same in both air and water, 


fi n-1 1.60 — 1.00 _ 


fn —-1- 120—1.00 — 


and so f' =3f = G)(+20 cm) = +60 cm 


The focal length of any lens made of this glass is three times longer in water than in air. 


SOLVED PROBLEM 32.4 


Both surfaces of a double-concave lens whose focal length is —9 cm/cm have a radii of 10 in. Find the 
index of refraction of the glass. 


From the lensmaker’s equation 


1 1 
~ FC/Ri +1/R:) (9 em)[1/(—10 em) + 1/(—10cm)] 
n= 056+ 1= 1.56 


0.56 


SOLVED PROBLEM 32.5 


The focal length f of a combination of two thin lenses in contact whose individual focal lengths are /; 
and f, is given by 

i. 4 1 

f fi 
Use this formula to find the focal length of a combination of a converging lens of f = +10 cm anda 
diverging lens of f = —20 cm that are in contact. 
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The above formula can be rewritten in the more convenient form 


_ Sih 
oe fit hr 


Since f, = 10 cmand f; = —20 cm, 


_ (10 cm)(—20 cm) 


= +20 
10 cm — 20 cm von 


The combination acts as a converging lens of focal length +20 cm. 


RAY TRACING 


[CHAP. 32 


As with a spherical mirror, the position and size of the image of an object formed by a lens can be found by 
constructing a scale drawing. Again, what is done is to trace two different light rays from a point of interest in 
the object to where they (or their extensions, in the case of a virtual image) intersect after being refracted by the 
lens. Three rays especially useful for this purpose are shown in Fig. 32-3; any two of these are sufficient. 


1. A ray that leaves the object parallel to the axis of the lens. After refraction, this ray passes through the 
far focal point of a converging lens or seems to come from the near focal point of a diverging lens. 


2. A ray that passes through the focal point of a converging lens or is directed toward the far focal point of 


a diverging lens. After refraction, this ray travels parallel to this axis of the lens. 


3. A ray that leaves the object and proceeds toward the center of the lens. This ray is not deviated by 


refraction. 


SOLVED PROBLEM 32.6 


What is the nature of the image of a real object formed by a diverging lens? 


It is virtual, erect, and smaller than the object, as in Fig. 32-3(b). 


F = near focal point 
F’ = far focal point 


(a) 


SOLVED PROBLEM 32.7 


An object is placed at the focal point of a converging lens. Is an image formed? 


As Fig. 32-4 shows, the refracted rays are parallel to each other, and so no image is formed. 
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(No image) 
Fig. 32-4 
LENS EQUATION 
The object distance p, image distance q, and focal length f of a lens (Fig. 33-5) are related by the lens equation: 
tat 
pq f 
1 1 1 


Object distance image distance ~ focal length 


This equation holds for both converging and diverging lenses. The lens equation is readily solved for p, g, or f: 


_ 4 _ _pf _ Pq 
Die a aera 

q—f Par pt+4q 

As in the case of mirrors, a positive value of p or g denotes a real object or image, and a negative value 

denotes a virtual object or image. A real image of a real object is always on the opposite side of the lens from 
the object, and a virtual image is on the same side. Thus if a real object is on the left of a lens, a positive image 
distance q signifies a real image to the right of the lens, whereas a negative image distance g denotes a virtual 
image to the left of the lens. 


rh 


| ! pat 


|._4 
h’ : 
1 
v f f = focal length 
(a) 


Pp 


| > q= image distance 


f | p= object distance 


(b) 
Fig. 32-5 


MAGNIFICATION 


The linear magnification m produced by a lens is given by the same formula that applies for mirrors: 


h' q 
ke SSeS 
h Pp 
. . . image height image distance 
Linear magnification = — - = - - 
object height object distance 


Again, a positive magnification signifies an erect image, a negative one signifies an inverted image. Table 32.1 
is a summary of the sign conventions used in connection with lenses. 
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Table 32-1 


Quantity Positive Negative 


Focal length f Concave lens Diverging lens 
Object distance p Real object Virtual object 


Image distance qg Real image Virtual image 


Magnification m Erect image Inverted image 


Height h Erect image Inverted image 


SOLVED PROBLEM 32.8 


A coin 3 cm in diameter is placed 24 cm from a converging lens whose focal length is 16 cm. Find the 
location, size, and nature of the image. 


Here p = 24cmand f = +16 cm, so the image distance is 


pf _ (24 cm)(16 cm) _ 


q= = 48 cm 
p-—f 24cm — 16cm 
The image is real since q is positive (Fig. 32-6). Since m = h'/h = —q/p, the diameter of the coin’s image is 
48 
i Gem ( =) = 6cm 
D 24 cm 


The image is inverted (since h’ is negative) and twice as large as the object. 
In general, an object that is a distance between f and 2 f from a converging lens has a real, inverted image that 
is larger than the object. 


2F 


Fig. 32-6 


SOLVED PROBLEM 32.9 


A sardine 8 cm long is 30 cm from a converging lens whose focal length is 15 cm. Find the location, size, 
and nature of the image. 


Here p = 30cm and f = +15 cm, so the image distance is 


pf - (30 cm)(15 cm) 


= = = 30cm 
p-f 30 cm — 15 cm 


q 


The image is real since q is positive (Fig. 32-7). The length of the sardine’s image is 


; qd 30 cm 
h' = —h — = —(8 cm) =-—8cm 
Pp 30 cm 


The image is inverted (since h’ is negative) and is the same size as the object. 


2F’ 


Fig. 32-7 Fig. 32-8 
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In general, an object that is the distance 2 f from a converging lens has a real, inverted image the same size as 
the object with an image distance equal to 2 f. 


SOLVED PROBLEM 32.10 


A key 6 cm long is 100 cm from a converging lens whose focal length is 40 cm. Find the location, size, 
and nature of the image. 


Here p = 100 cm and f = +40 cm, so the image distance is 


pf _ (100 cm)(40 cm) 


p-—f 100 cm — 40 cm 


q 


The image is real since q is positive (Fig. 32.8). The length of the key’s image is 


a 
Pant sem (“ =) = 4cm 
P 


100 cm 


The image is inverted (since h’ is negative) and is smaller than the object. 
In general, an object that is farther than 2 f from a converging lens has a real, inverted image smaller than the 
object with an image distance between f and 2/f. 


SOLVED PROBLEM 32.11 


A diverging lens has a focal length of —2 ft. What are the location, size, and nature of the image formed 
by the lens when it is used to look at an object 12 ft away? 


Here p = 12 ft and f = —2 ft, so the image distance is 


_ pf _ (2 ft)\(—2 ft) _ 
~ p—f 12ft—(-2 ft) — 


q 1.71 ft 


A negative image distance signifies a virtual image. The magnification is 


-1.71 ft 1 
a ee ) 0.143 = 
Dp 12 ft 7 


The image is erect (since m is positive) and one-seventh the size of the object. 


SOLVED PROBLEM 32.12 


A double-convex lens has a focal length of 6 cm. (a) How far from an insect 2 mm long should the lens 
be held in order to produce an erect image 5 mm long? (b) What is the image distance? 


(a) A double-convex lens is always converging, so the focal length of the lens is +6 cm. An erect image means a 
positive magnification, which is 


h’ Smm 
m= — = >— =2.5 
h 2mm 
Since m = —q/p, the image distance is g = —mp. We proceed by substituting g = —mp in the lens equation 
and solving for p: 
_i_l 1 11 m-1_ 1 
P 4 f P mp f mp f 
m—1 25-1 
p=f = (46 em) eed 
m 2.5 
@) gq = —mp = —(2.5)(3.6 cm) = —9 cm 


The negative image distance signifies a virtual image (Fig. 32-9). 
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Fig. 32-9 


SOLVED PROBLEM 32.13 


Find the focal length of a magnifying glass that produces an erect image magnified three times of an 
object 1.5 in. away. 


An erect image magnified three times means a magnification of +3. Since the object distance is p = 1.5 in. 
and m = —q/p, 


gq = —mp = (—3)(1.5 in.) = —4.5 in, 
The negative image distance signifies a virtual image. The required focal length is 


_ pq _ (5 in.)(—4.5 in.) 
pee  135i,=45 in, 


hf = $2.25 in. 


SOLVED PROBLEM 32.14 


A 35-mm camera has a telephoto lens whose focal length is 150 mm. What range of adjustments should 
the lens have in order to be able to bring to a sharp focus objects as close as 1.5 m from the camera? 


The image distance that corresponds to f = 0.15 mand p = 1.5 mis 


pf (1.5 m)(0.15 m) 


= = = 0.167 m = 167 mm 
p—-f 15m—015m 


q 


An object at p = oo is brought to a focus at gq = f = 150 mm (see Fig. 32-10). Hence a range of adjustment of 
167 mm — 150 mm = 17 mm will permit objects to be photographed at distances from 1.5 m to infinity. 


Rays from same point 
on distant object 


Fig. 32-10 


SOLVED PROBLEM 32.15 


A slide projector uses a converging lens to produce a real, inverted image of a transparent slide on a 
screen. What should be the focal length of the lens of a slide projector if a slide 5 cm by 5 cm is to appear 
90 cm by 90 cm on a screen 5 m away? 


Here h = 5 cmand h’ = —90 cm (h’ is negative because the image is inverted), so the magnification is 
hb’ —90 
m= ah = st =-18 
h 5 cm 


Since g = 5m = 500 cm and m = —q/p, the object distance is 
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The required focal length is therefore 


PQ. (27.8 cm)(500 cm) 
pt+4q 27.8 cm + 500 cm 


f= = 26.3 cm = 263 mm 


SOLVED PROBLEM 32.16 


For the most distinct vision with a normal eye, an object should be about 25 cm (10 in.) away. (a) Find 
a formula for the magnification of a converging lens of focal length f when it is used as a magnifying 
glass with an image distance of —25 cm. (The image distance is negative because the image is virtual; 
see Fig. 32-11.) (b) Use this formula to find the magnification of a lens of focal length +5 cm. 


(a) Fromm = —q/p the object distance that corresponds to an image distance of g = —25 cm is 
qd 25 cm 
Pp = = 
m m 


Substituting p = (25 cm)/m and g = —25 cm in the lens equation yields 


ee m 1 _m-i 
f p 4 25cm 25cm 25cm 
25 cm 
n= +1 
f 
25 cm 
(D) m= +1=54+1=6 
S5cm 


Fig. 32-11 


LENS SYSTEMS 


When a system of lenses is used to produce an image of an object, for instance, in a telescope or microscope, the 
procedure for finding the position and nature of the final image is to let the image formed by each lens in turn be 
the object for the next lens in the system. Thus to find the image produced by a system of two lenses, the first step 
is to determine the image formed by the lens nearest the object. This image then serves as the object for the second 
lens, with the usual sign convention: If the image is in front of the second lens, the object distance is considered 
positive, whereas if the image is on the far side of the second lens, the object distance is considered negative. 

The total magnification produced by a system of lenses is equal to the product of the magnifications of the 
individual lenses. Thus if the magnification of the objective lens of a microscope or telescope is m, and that of 
the eyepiece is mp, the total magnification is m = mmo. 


SOLVED PROBLEM 32.17 


A microscope has an objective of focal length 6 mm and an eyepiece of focal length 25 mm. If the image 
distance of the objective is 160 mm and that of the eyepiece is 250 mm (both of which are typical figures), 
find the magnification produced by (a) the objective, (b) the eyepiece, (c) the entire microscope. 


404 LENSES [CHAP. 32 


(a) The object distance of the objective is 


af _ (160 mm)(6 mm) 


a q-f 160 mm — 6mm sa 
and so its magnification is 
—160 
nies = 57 
Dp 6.23 mm 
The minus sign means an inverted image. 
(b) From the result of Prob. 32.16, 
250 mm 250 mm 
mM, = +1= +1l=11 
vA 25 mm 


Alternatively the same figure can be obtained by the procedure of part (a). 


(c) The total magnification is the product of m, and mo: 


m= mm) = (—25.7)(11) = —283 


SOLVED PROBLEM 32.18 
The angular magnification of a telescope when used to view a distant object is 


6’ _ f, _ focal length of objective 


Mang = 


6 f. focal length of eyepiece 


See Fig. 32-12. In the diagram, the rays used to locate the first image are not the same as those used to 
locate the final image. 


Rays from the same point 


on a distant object i 
Objective 


Eyepiece 


First image 
: 


1 

1 

' ” 
Ip: . - 

1 Final image ee 
1 “Ue 

1 

1] 

I 


(a) The objective of a telescope has a focal length of 120 cm. What should the focal length of the 
eyepiece be to produce an angular magnification of 40? (b) The telescope is used to examine a boat 20 m 
long which is 600 m away. If the image distance of the telescope eyepiece is 25 cm, what is the apparent 
length of the boat? 


fo _ 120cm 


= 
Mang 40 ao 


(a) fe = 


(b) The angle subtended by the boat from the location of the telescope is 


object length 20m 
@= — - = = 0.033 rad 
object distance 600m 


If L is the length of the boat’s image as seen through the telescope, the angle that image subtends is 


atin image length L 


image distance 25 cm 


CHAP. 32] LENSES 405 


32.1. 


32.2. 


32.3. 


32.4. 


32.5. 


32.6. 


32.7. 


32.8. 


32.9. 


32.10. 


Since the angular magnification of the telescope is 40 and mang = 0'/0, 0’ = Mang 9, SO 


L 
—— = (40)(0.033 rad) = 1.3 rad 
25 cm 


L = (1.3 rad)(25 cm) = 33 cm 


The boat seems to be 33 cm long and to be located 25 cm from the viewer’s eye. 


Multiple-Choice Questions 


The image of a real object farther from a converging lens than f is always which one or more of the following? 
(a) smaller than the object (c) virtual 

(b) the same size as the object (d) inverted 

The image of a real object closer to a converging lens than f is always which one or more of the following? 
(a) smaller than the object (c) virtual 

(b) the same size as the object (d) inverted 

The image of a real object the distance f from a converging lens 

(a) does not exist (c) is real, inverted, and larger than the object 

(b) is virtual, erect, and larger than the object (d) is real, inverted, and the same size as the object 
A real image formed by a lens is always which one or more of the following? 

(a) smaller than the object (c) erect 

(b) larger than the object (d) inverted 

The image formed by a diverging lens of a real object is never which one or more of the following? 

(a) real (c) erect 

(b) _ virtual (d) smaller than the object 

A negative magnification corresponds to an image that is 

(a) erect (c) larger than the object 

(b) inverted (d) smaller than the object 

A negative image distance corresponds to an image that is 

(a) erect (c) real 

(b) inverted (d) virtual 

The object distance of a converging lens of focal length f used as a magnifying glass must be 

(a) less than f (c) between f and2f 

(b) f (d) more than 2f 

The image distance of an object located 12 cm from a converging lens of focal length 16 cm is 

(a) —4cm (c) +4cm 

(b) —48cm (d) +48 cm 

The image distance of an object located 16 cm from a converging lens of focal length 12 cm is 


(a) —4cm (c) +4cm 
(b) —48 cm (d) +48 cm 
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32.11. 


32.12. 


32.13. 


32.14. 


32.15. 


32.16. 


32.1. 


32.2. 


32.3. 


32.4. 


32.5. 


32.6. 


32.7. 


32.8. 


32.9. 
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If the image of an object 6 cm from a lens is 6 cm behind the object, the lens has a focal length of 

(a) —12cm (c) +4cm 

(b) +3cm (d) +12cm 

A candle 6 cm high is 80 cm in front of a lens whose focal length is +60 cm. The image is 

(a) 2cm high, erect (c) 18cm high, erect 

(b) 2cm high, inverted (d) 18cm high, inverted 

A candle 6 cm high is 120 cm in front of a lens whose focal length is +60 cm. The image is 

(a) 3cm high, erect (c) 6cm high, erect 

(b) 3 cm high, inverted (d) 6cm high, inverted 

A candle 6 cm high is 150 cm in front of a lens whose focal length is +60 cm. The image is 

(a) 4cm long, erect (c) 9cm long, erect 

(b) 4cm long, inverted (d) 9cm long, inverted 

The focal length of a magnifying glass that produces an image six times larger than an object 10 mm away is 
(a) +1.4mm (c) +8.6mm 

(b) +2.0mm (dq) +12 mm 

A projector whose lens has a focal length of +12 cm forms an image 90 cm high of a slide whose picture area is 
30 mm high. How far is the lens from the screen? 


(a) 348 cm (c) 372cm 
(b) 360 cm (d) 384cm 


Supplementary Problems 


Does an air bubble in a tank of water converge or diverge light that passes through it? 
(a) Can a diverging lens ever form an inverted image of a real object? (b) Can a converging lens? 


(a) Can a diverging lens ever form a real image of a real object? (b) Can a converging lens ever form a virtual image 
of a real object? 


If the screen is moved closer to a movie projector, how should the projector’s lens be moved to restore the image to 
a sharp focus? 


A double-convex lens has surfaces whose radii are both 50 cm. The index of refraction of the glass is 1.52. Find the 
focal length of the lens. 


A meniscus lens has a concave surface of radius 30 cm and a convex surface of radius 25 cm. The index of refraction 
of the glass is 1.50. (a) Find the focal length of the lens. (b) Is it a converging or a diverging lens? 


A planoconcave lens has one plane surface and one concave surface. If a planoconcave lens of focal length —10 cm 
is to be ground from optical glass of index of refraction 1.50, find the radius of curvature of the concave surface. 


Glycerin has an index of refraction of 1.47. Find the focal length in glycerin of a lens made of flint glass (n = 1.63) 
whose focal length in air is +10 cm. 


Find the index of refraction of the glass used in a planoconvex lens of focal length 12 cm whose convex surface has 
a radius of 7 cm. 
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32.10. 


32.11. 


32.12. 


32.13. 


32.14. 


32.15. 


32.16. 


32.17. 


32.18. 


32.19. 


32.20. 


32.21. 


32.22. 


32.23. 


32.1. 


32.2. 


32.3. 


32.4. 


32.5. 


32.6. 


32.7. 


32.8. 


A button | cm in diameter is held 10 cm from a converging lens whose focal length is +25 cm. Find the location, 
size, and nature of the image. 


The button of Prob. 32.10 is held 25 cm from the same lens. Find the location, size, and nature of the image. 
The button of Prob. 32.10 is held 40 cm from the same lens. Find the location, size, and nature of the image. 
The button of Prob. 32.10 is held 50 cm from the same lens. Find the location, size, and nature of the image. 
The button of Prob. 32.10 is held 100 cm from the same lens. Find the location, size, and nature of the image. 


A diverging lens with a focal length of —1 m is used to examine a man 1.8 m tall who is standing 4 m away. How 
tall does the man appear to be? 


A movie director holds a diverging lens 5 m from an actress and sees her 1/10 of her actual height. Find the focal 
length of the lens. 


A camera whose lens has a focal length of 1 m photographs a truck on the ground 7 m below. The image of the truck 
on the film is 1.3 mm long. How long is the actual truck? 


A magnifying glass of focal length 75 mm is held 25 mm from a postage stamp. What magnification does it produce? 
What is the nature of the image? 


A converging lens has a focal length of 10 cm. (a) How far away from an object should the lens be held to produce 
an erect, virtual image magnified three times? (b) What is the image distance? 


A slide projector has a lens whose focal length is 8 in. How far from the lens should the screen be located if a slide 
2 in. by 2 in. is to appear 40 in. by 40 in.? 


What is the focal length of a combination of two thin lenses in contact both of whose focal lengths are +8 in.? 


A microscope has an objective of focal length 4 mm which is used with a 15x eyepiece. If the image distance for 
the objective is 160 mm, find the magnification of the instrument. 


A telescope has an objective lens whose focal length is 120 cm and an eyepiece whose focal length is 4 cm. (a) 
What is the angular magnification of this telescope? (b) The moon has an angular diameter of about 0.5° as seen 


from the earth. What is its angular diameter through the telescope? (c) If the image distance is 25 cm, what is the 
apparent diameter of the moon as seen through the telescope? 


Answers to Multiple-Choice Questions 


(d) 32.9. (b) 
(c) 32.10. (d) 
(a) 32.11. (d) 
(d) 32.12. (d) 
(a) 32.13. (d) 
(b) 32.14. (b) 
(d) 32.15. (d) 


(a) 32.16. (a) 
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32.1. 


32.2. 


32.3. 


32.4. 


32.5. 


32.6. 


32.7. 


32.8. 


32.9, 


32.10. 


32.11. 


32.12. 


32.13. 


32.14. 


32.15. 


32.16. 


32.17. 


32.18. 


32.19. 


32.20. 


32.21. 


32.22. 


32.23. 
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Answers to Supplementary Problems 


Diverge 

(a) No. (b) Yes, if the object is farther from the lens than the focal point. 
(a) No. (b) Yes, if the object is between the lens and the focal point. 
The lens should be moved farther away from the film. 

48 cm 

(a) 300cm (b) Converging 

—5 cm 

+58 cm 

1.58 

The image is 16.7 cm in front of the lens, 1.67 cm in diameter, virtual, and erect. 
No image is formed. 

The image is 66.7 cm behind the lens, 1.67 cm in diameter, real, and inverted. 
The image is 50 cm behind the lens, 1 cm in diameter, real, and inverted. 

The image is 33.3 cm behind the lens, 3.3 mm in diameter, real, and inverted. 
36cm 

—56 cm 

9m 

1.5; erect and virtual 

(a) 6.67 cm (b) 20cm 

14 ft 

+4 cm 

585 


(a) 30 (b) 15° (c) 6.54 cm 
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Physical and 
Quantum Optics 


INTERFERENCE 


In examining the reflection and refraction of light, it is sufficient to consider light as though it consisted of rays 
that travel in straight lines in a uniform medium. The study of such phenomena, therefore, is called geometrical 
optics. Other phenomena, notably interference, diffraction, and polarization, can be understood only in terms of 
the wave nature of light, and the study of these phenomena is called physical optics. 

Interference occurs when different waves of the same nature meet at the same place and their instantaneous 
amplitudes add together. In constructive interference the waves are in phase (“in step”) and reinforce each other; 
in destructive interference the waves are out of phase and partially or completely cancel (Fig. 33-1). All types of 
waves exhibit interference under appropriate circumstances. Thus water waves interfere to produce the irregular 
surface of the sea, sound waves close in frequency interfere to produce beats, and light waves interfere to produce 
the fringes seen around the images formed by optical instruments and the bright colors of soap bubbles and thin 


films of oil on water. 
Constructive interference OY AF = ocsce 
Ne Ney a 


Destructive interference { 7 


SOLVED PROBLEM 33.1 
When is it appropriate to think of light as consisting of waves and when as consisting of rays? 


When paths or path differences of light are involved whose lengths are comparable with the wavelengths found in 
light, the wave nature is significant and must be taken into account. Thus diffraction and interference can be understood 
only on a wave basis. When paths of light are involved that are many wavelengths long and neither diffraction nor 
interference occurs, as in reflection and refraction, it is more convenient to consider light as consisting of rays. 
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SOLVED PROBLEM 33.2 


When two trains of waves meet on the surface of a body of water, the resulting interference pattern is 
obvious. However, when the light beams from two flashlights overlap on a screen, there is no evidence of 
an interference pattern. Why not? Is there any way in which the interference of light can be demonstrated? 


There are two reasons why such an experiment does not yield a conspicuous interference pattern. First, the 
wavelengths found in light are so short that such a pattern would be on an extremely small scale. Second (and more 
important), all sources of light (except lasers) emit light waves as short trains of random phase and not as continuous 
trains. The interference that occurs between light beams from two independent sources is therefore averaged during 
all but the briefest of observation times and cannot be seen by eye or recorded on photographic film. Such light 
sources are said to be incoherent. 

To exhibit an interference pattern in light, sources must be used whose waves have fixed phase relationships 
during the observation period. The waves from one source can be in step with those from the other when they 
are produced, or out of step, or something in between, but the essential thing is that the relationship be constant. 
Such sources are coherent. In Fig. 33-2 the radio waves from an antenna are coherent, whereas the light waves 
from an ordinary lamp of any kind (except a laser) are incoherent. Three ways to construct coherent sources are as 
follows: 


1. Pass light from a single source (such as an illuminated slit or a narrow filament) through two or more other slits. 
The waves that emerge from the latter slits are necessarily coordinated and can interfere to produce a visible 
pattern. 


2. Combine a direct light beam from a source with an indirect beam from the same source produced by refraction 
or reflection. This is how the interference patterns produced by thin oil films floating on water are caused. 


3. Coordinate the radiating atoms in each individual source so that the radiating atoms always emit wave trains in 
step with one another. This is done in the laser. 


Coherent radio Naveen 
Ws 
Waves SPP MY 
SY 
Nava WN 
eae MING 
Incoherent light 
waves 


Fig. 33-2.. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 


SOLVED PROBLEM 33.3 


Describe the nature and origin of the interference pattern produced by light that comes from a single slit 
and then passes through a double slit. 


In Fig. 33-3(a) the slits A and B are illuminated by light from the slit S, so the wave trains from A and B 
are coherent. Figure 33-3(b) shows how the wave trains interfere constructively on the screen at S’ and D, and 
destructively at C. Constructive and destructive interference alternate on the screen to produce a pattern of parallel 
light and dark lines. 


SOLVED PROBLEM 33.4 


When two light beams of the same wavelength interfere, the result is a pattern of bright and dark lines. 
What becomes of the energy of the light waves whose destructive interference leads to the dark lines? 


The missing energy is found in the bright lines, whose brightness is greater than the simple addition of the two 
light beams would produce without interference. The total energy remains the same. 


CHAP. 33] PHYSICAL AND QUANTUM OPTICS 411 


Constructive interference 
produces bright line 


D 


C) Destructive interference 
C produces dark line 


Ss Constructive interference 
produces bright line 


‘| 


(b) 


Fig. 33-3. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 


DIFFRACTION 


The ability of a wave to bend around the edge of an obstacle is called diffraction. Diffraction is what enables 
light from the slits A and B in Fig. 33-3 to spread out and interfere over the entire screen. A diffraction grating 
consists of a series of closely-spaced parallel slits whose interference pattern is brighter than that produced by a 
double slit and better able to separate nearby wavelengths when light with more than one wavelength is directed 
on it. Gratings rather than prisms, are used in nearly all spectrographs, which are devices that analyze light beams 
in terms of the particular wavelengths they contain. 

Owing to the combined effects of diffraction and interference, the image of a point source of light is always 
a small disk with bright and dark fringes around it. The smaller the lens or mirror used to form the image, the 
larger the disk. The angular width in radians of the image disk of a point source is about 


a 
6 = 22) (5) 


where A is the wavelength of the light and D is the lens or mirror diameter. The images of objects closer than 69 
will overlap and hence cannot be resolved no matter how great the magnification produced by the lens or mirror. 
In the case of a telescope or microscope, D refers to the diameter of the objective lens. If two objects do apart 
that can just be resolved are the distance L from the observer, the angle in radians between them is 09 = do/L, 
so the above formula can be rewritten in the form 


AL 
Resolving power = do = (1.22) (>) 
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SOLVED PROBLEM 33.5 


A pair of “7 x 50” binoculars has a magnification of 7 and objective lens diameters of 50 mm. Find the 
size of the smallest detail that can possibly be resolved by such binoculars when something | km away is 
examined. Consider the wavelength of the light to be 5 x 107’ m, which is near the middle of the visible 
spectrum and corresponds to green. 


Since D = 50 mm =5 x 10°? mand L = 1 km= 10° m, 


=] 3 
dy = (1.22) (+) _ (1.22)(5 x 10-7 m)(10 m) 


or = 1.22 x 10?m=1.22cm 
x = Mm 


SOLVED PROBLEM 33.6 


A radar operating at a wavelength of 3 cm is to have a resolving power of 30 m at a range of | km. Find 
the minimum width its antenna must have. 


The width of a radar antenna corresponds to the diameter of the objective lens of an optical system. Here 
L=1km= 1000 m, dy = 30 m, and A = 0.03 m, so 


D = (1.22) (=) _ (1.22)(0.03 m)(1000 m) 


= =1.22m 
do 30m 


POLARIZATION 


A polarized beam of light is one in which the electric fields of the waves are all in the same direction. If the 
electric fields are in random directions (though, of course, always in a plane perpendicular to the direction of 
propagation), the beam is unpolarized. Figure 33-4(a) shows a polarized beam and (b) shows an unpolarized 
beam. Various substances differently affect light with different directions of polarization, and these substances 
can be used to prepare devices that permit only light polarized in a certain direction to pass through them. 


Polarized beam ea 


Plane of 7 ~s. 


polarization 
Electric fields occur in only oe 


one direction perpendicular 
to direction of wave motion 


Direction 
of waves 


(a) 


Unpolarized beam 


Electric fields occur in all / VA 
directions perpendicular to 
direction of wave motion 

(db) 


Fig. 33-4. (From Modern Technical Physics, 6th Ed., Arthur Beiser, ©1992. Reprinted by permission of Pearson 
Education, Inc.) 
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QUANTUM THEORY OF LIGHT 


Certain features of the behavior of light can be explained only on the basis that light consists of individual quanta, 
or photons, which we can think of as tiny bundles of electromagnetic energy. The energy of a photon of light 
whose frequency is f is 


Quantum energy = E = hf 
where his Planck’s constant: 
Planck’s constant = h = 6.63 x 107*4 J-s 


A photon has most of the properties associated with particles—it is localized in space and possesses energy and 
momentum—but it has no mass. Photons travel with the velocity of light. 

The electromagnetic and quantum theories of light complement each other: Under some circumstances light 
exhibits a wave character, under other circumstances it exhibits a particle character. Both are aspects of the same 
basic phenomenon. 


SOLVED PROBLEM 33.7 
What are some of the differences between photons and electrons? 


Electrons have mass, photons do not. Electrons have electric charge, photons do not. Electrons may be stationary, 
photons move only at the velocity of light. Electrons are constituents of ordinary matter, photons are not. The energy 
of a photon depends only on its frequency, that of an electron depends on its velocity and position. 


SOLVED PROBLEM 33.8 


The human eye can respond to as few as three photons of light. If the light is yellow (f = 5 x 10!* Hz), 
how much energy does this represent? 


The energy of each photon is 
E =hf = (6.63 x 10-4 J-s)(5 x 10'* Hz) = 3.3 x 10° J 


The total energy is 3E = 107!8 J. 


SOLVED PROBLEM 33.9 


The average wavelength of the light emitted by a certain 100-W light bulb is 5.5 x 10-7 m. How many 
photons per second does the light bulb emit? 


The frequency of the light is 


c 3 x 10° m/s 


Eee ee aie i 
x 55x 107m ° : 


f= 
and the energy of each photon is 
E=hf = (6.63 x 10-4 J-s)(5.5 x 104 Hz) = 3.6 x 10°" J 
Since 100 W = 100 J/s, the number of photons emitted per second is 


100 J/s 
3.6 x 10-!° J/photon 


= 2.8 x 107° photons/s 
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X-RAYS 


X-rays are high-frequency electromagnetic waves produced when fast electrons impinge on a target. If the 
electrons are accelerated through a potential difference of V, each electron has the energy KE = eV. If all this 
energy goes into creating an X-ray photon, then 


eV=hf 


Electron kinetic energy = X-ray photon energy 


and the frequency of the X-rays is f = eV/h. 


SOLVED PROBLEM 33.10 


In a certain television picture tube, electrons are accelerated through a potential difference of 10,000 V. 
Find the frequency of the X-rays emitted when these electrons strike the screen. 


Since hf = eV, here we have 


eV (1.6 x 107? C)(10t V) 


= =2.4~x 10°H 
h 6.63 x 10-34 Js - . 


f= 


SOLVED PROBLEM 33.11 
An X-ray tube emits X-rays whose wavelength is 2 x 10~!! m. What is the operating voltage of the tube? 
The frequency of the X-rays is 


c 3x 10° m/s 


= — = — = 15x 10° H 
DS Geta 
Since hf = eV, 
/ 63 x 10-4 J-s)(1.5 x 10 H 
pat ee go Wee 
i 16x 10-™C 
ELECTRONVOLT 


A common energy unit in atomic and quantum physics is the electronvolt (eV), defined as the energy an electron 
gains when it moves through a potential difference of 1 V. Since the charge e of an electron is 1.6 x 107!° C, 


leV =1.60x 10°!°J 


Multiples of the electronvolt are the kiloelectronvolt (keV), megaelectronvolt (MeV), and gigaelectronvolt (GeV), 
where 


lkeV = 10° eV 1 MeV = 10° eV 1 GeV = 10° eV 


SOLVED PROBLEM 33.12 


What is the kinetic energy in electronvolts of an electron whose velocity is 10’ m/s? 


KE = imv? = (4)(9.1 x 1077! kg)(10’ m/s)” = 4.55 x 10717 J 


Since 1 eV = 1.6 x 107!° J, 


4.55 x 107!7J 


= ———_——_ = 284 eV 
1.6 x 10-19 J/leV 
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SOLVED PROBLEM 33.13 


A proton (m = 1.67 x 107?’ kg) is accelerated through a potential difference of 200 V. (a) What is its 
kinetic energy in electronvolts? (b) What is its velocity? 


(a) Since the charge on the proton is +e, its kinetic energy is 200 eV. 


(b) KE = (200 eV) (1.6 x 107!? J/eV) = 3.2 x 107!7J 


[2(KE ; ei 
ya [PRD _ [QE2xIW'Y _ sos ap 
m 1.67 x 10-77 kg 


Since KE = imy’, 


SOLVED PROBLEM 33.14 


33.1. 


33.2. 


33.3. 


In the photoelectric effect, light directed at the surface of certain metals causes electrons to be emitted. In 
the case of potassium, 2 eV of work must be done to remove an electron from the surface. (a) If light of 
wavelength 5 x 10~’ m falls on a potassium surface, what is the maximum energy of the photoelectrons 
that emerge? (b) If light of wavelength 4 x 10~7 m falls on the same surface, will the photoelectrons 
have more or less energy? 


(a) Since c = fi, the frequency of the light is 


c 3x 108 m/s 
foi= 


= _——_" = 6 x 104 Hz 
Xr 5x10-7m 


The energy of each photon is therefore 
E=hf = (6.63 x 10-** J-s)(6 x 10'4 Hz) = 3.98 x 10°? J 


Since 1 eV = 1.6 x 107!° J, 


3.98 x 10-9 J 


= ———__— =2.49 eV 
1.6 x 107! JleV 


This is the maximum energy that can be given to an electron by a photon of this light. Because 2 eV is needed 
to remove an electron, the maximum energy of the photoelectrons in this situation is 0.49 eV. 


(b) A shorter wavelength means a higher frequency and hence more energy to be imparted to the photoelectrons. 


Multiple-Choice Questions 


Which one or more of the following produce coherent electromagnetic waves? 


(a) two lasers of the same frequency 

(b) two antennas fed by the same radio transmitter 

(c) apinhole in a cover over a monochromatic light source and its reflection in a mirror 
(d) two pinholes in a cover over a monochromatic light source 


The resolving power of a lens can be improved by increasing which one or more of the following? 

(a) the diameter of the lens (c) the wavelength of the light 

(b) the object distance (d) the brightness of the light 

A beam of transverse waves whose vibrations occur in all directions perpendicular to their direction of motion is 


(a) polarized (c) resolved 
(b) unpolarized (d) diffracted 
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Which one or more of the following cannot be polarized? 
(a) sound waves (c) radio waves 


(b) white light (d) X-rays 


Photons in a vacuum have the same 


(a) velocity (c) frequency 
(b) energy (d) wavelength 


When the voltage applied to an X-ray tube is increased, the X-rays have a greater 


(a) number per second (c) energy 
(b) velocity (d) wavelength 


The photons in red light whose wavelength is 650 mm have an energy of 

(a) 4.3 x 10-°J (c) 1.0 x 10-?7J 

(b) 13x 1077! J (d) 3.1.x 10-? J 

An X-ray tube produces a 0.50-W beam of 1.0 x 10!° Hz X-rays. The tube emits 


(a) 7.5 x 10! photons/s (c) 2.2 x 10! photons/s 
(b) 3.0 x 104 photons/s (d) 3.0 x 10!8 photons/s 


The kinetic energy of an electron whose velocity is 1.5 x 10’ m/s is 


(a) 1.64x 10° eV (c) 0.64 keV 
(b) 1.56x 10-4 eV (d) 1.64 keV 


The velocity of an electron whose kinetic energy is 1.5 keV is 


(a) 73x10m/s  (c) 2.3.x 10’ m/s 
(b) 5.1x10°m/s (d) 7.3.x 10" m/s 


Supplementary Problems 


Which of the following phenomena occur only in transverse waves (such as light) and not in longitudinal waves 
(such as sound)—reflection, refraction, interference, diffraction, polarization? 


Which of the following optical phenomena, if any, are independent of the wavelength of the light involved— 
interference, diffraction, resolving power, polarization? 


Why does the electric field of an electromagnetic wave rather than its magnetic field determine its direction of 
polarization? 


State two advantages in having the objective lens or mirror of a telescope be of larger diameter. 


Why do radio waves readily diffract around buildings whereas light waves, which are also electromagnetic in nature, 
do not? 


The energy of a light beam is carried by separate photons, yet we do not perceive light as a series of tiny flashes. 
Why not? 


If Planck’s constant were equal to 6.63 J-s instead of 6.63 x 10~*4 J-s, would quantum phenomena be more or less 
conspicuous in everyday life than they are now? 
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When light is directed at a metal surface, upon what property of the light does the maximum energy of the emitted 
electrons depend? 


The pupils of a person’s eyes in ordinary light are about 3 mm in diameter, and for most people the distance of 
most distinct vision is about 25 cm. Find the resolving power of the eye under these circumstances in green light 
of wavelength 5.5 x 10~7 m. (In fact, the photoreceptors in the retina are not quite close enough together to permit 
such sharp vision, and 0.1 mm is a more realistic resolving power.) 


A radar whose operating frequency is 9000 mHz has an antenna 1.5 m wide. What is its resolving power at a range 
of 5 km? 


A telescope has an objective lens 10 cm in diameter. What is the maximum distance at which the telescope can 
resolve two objects | cm apart? Assume that 1 = 5 x 1077 m. 


Light from the sun arrives at the earth at the rate of about 1400 W/m? of area perpendicular to the direction of the 
light. Assuming that sunlight consists exclusively of light of wavelength 6 x 10-7 m, find the number of photons 
per second that fall on each square meter of the earth’s surface directly facing the sun. 


How many photons per second are emitted by a 50-kW radio transmitter that operates at a frequency of 
1200 kHz? 


What is the operating voltage of an X-ray tube that produces X-rays of frequency 10!° Hz? 
Find the wavelength of the X-rays produced by a 50,000-V X-ray machine. 


The work needed to remove an electron from the surface of sodium is 2.3 eV. Find the maximum wavelength of light 
that will cause photoelectrons to be emitted from sodium. 


Photoelectrons are emitted by a copper surface only when light whose frequency is 1.1 x 10'° Hz or more is directed at 
it. What is the maximum energy of the photoelectrons when light of frequency 15 x 10!° Hz is directed at the surface? 


What is the kinetic energy in electronvolts of a proton (m = 1.67 x 10-77 kg) whose velocity is 5 x 10° m/s? 


Find the velocity of a 50-eV electron. 


Answers to Multiple-Choice Questions 


(a), (b), (c) 33.6. (c) 


(a) 33.7. (d) 
(b) 33.8. (a) 
(a) 33.9. (c) 
(a) 33.10. (c) 


Answers to Supplementary Problems 


Polarization 


Polarization 
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The interaction between the electric field of an electromagnetic wave and the matter it passes through is responsible 
for nearly all optical effects; hence this field is used to specify the direction of polarization. 


(1) The larger the diameter, the greater the ability to resolve objects close together. (2) A larger diameter means that 
more light reaches the eye from a given object; hence, it can be seen even if poorly illuminated. 


The wavelengths of visible light are very short relative to the size of a building, so their diffraction is imperceptible. 
The wavelengths of radio waves are more nearly comparable with the size of a building. 


Even a weak light involves many photons per second. Visual responses persist for a short time, so successive photons 
give the impression of a continuous transfer of energy. 


More conspicuous 
Frequency 

0.06 mm 

136 mm 

1.64 km 

4.2 x 107! photons/(m?-s) 


6.3 x 10°! photons/s 


41,400 V 

2.5 x 107! m 
5.4x 10-7 m 
1.7 eV 


1.3 x 10° eV = 0.13 MeV 


4.2 x 10° m/s 


Atomic Physics 


MATTER WAVES 


Under certain conditions moving bodies exhibit wave properties. The quantity whose variations constitute the 
matter waves (or de Broglie waves) of a moving body is known as its wave function wy (Greek letter psi). The 
likelihood of finding the body at a particular time and place is proportional to the value of 7 at that time and 
place. A large value of w? signifies a high probability of finding the body; a small value of y? signifies a low 
probability of finding the body. 

The matter waves associated with a moving body are in the form of a group of waves that travels with the 
same velocity as the body. 

The wavelength of the matter waves of a body of mass m and velocity v is 


} 
de Broglie wavelength = A = — 
mv 


SOLVED PROBLEM 34.1 
Find the de Broglie wavelengths of (a) a 46-g golf ball moving at 30 m/s, and (b) an electron moving at 
10’ m/s. 
63 34 Jag 
B iat 6.63x 10s og gm 


mv (0.046 kg)(30 m/s) 


The wavelength of the golf ball is so small compared with its dimensions that we would not expect to find any 
wave aspects in its behavior. 


b) The electron mass is 9.1 x 1077! kg, so 
c—) 


h 6.63 x 10-4 J-s 


A= = 
mv (9.1 x 10-3! kg)(107 m/s) 


=7.3x10''m 


The dimensions of atoms are comparable with this figure—the radius of the hydrogen atom, for instance, is 
5.3 x 10~'! m. It is therefore not surprising that the wave character of moving electrons is the key to under- 
standing atomic structure and behavior. 


SOLVED PROBLEM 34.2 


An electron microscope uses a beam of fast electrons that are focused by electric and magnetic fields to 
produce an enlarged image of a thin specimen on a screen or photographic plate. Find the resolving power 
of an electron microscope which uses 15-keV electrons by assuming that this is equal to the electron 
wavelength. 
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The kinetic energy of the electrons is 
KE = (1.5 x 10* eV)(1.6 x 107 eV) = 2.4 x 10° PJ 


Since KE = !mv?, the velocity of the electrons is 


KE) /(2)(2.4x 10-5 J) , 
Vom 9.1 x 10 kg eis 


The electron wavelength is therefore 


h 6.63 x 10-*4 J-s 


Xi = = 
mv (9.1 x 10-3! kg)(7.26 x 107 m/s) 


=1.0x107'!!m 


UNCERTAINTY PRINCIPLE 


A consequence of the wave nature of moving bodies is the uncertainty principle: It is impossible to determine 
both the exact position and the exact momentum of a body at the same time. If Ax is the uncertainty in position 
and A(mv) is the uncertainty in momentum, then 


h 
Ax A(mv) > — 
20 
where the symbol > means “equal to or greater than.” Since Planck’s constant h is so small, the uncertainty 


principle is significant only for very small bodies such as elementary particles. 


SOLVED PROBLEM 34.3 


The position of a certain electron is determined at a certain time with an uncertainty of 10~° m. (a) Find 
the uncertainty in the electron’s momentum. (b) Find the uncertainty in the electron’s velocity and, from 
this, the uncertainty in its position | s after the original measurement was made. 


h 6.63 x 107-*4 J-s 
A = = = 1.06 x 10-7 kg-m/ 
(a) ka Ordo) . owe 
A 1.06 x 10-5 kg-m/ 
(b) eo ew =e e410 ms 


m —- 9.1 x 10-3. kg 


Hence the uncertainty in the electron’s position | s later is 
Ax’ =t Av = (1s)(1.2 x 10° m/s) = 1.2 x 10° m 


which is 120 km! 


SOLVED PROBLEM 34.4 


Most atoms are a little over 10~!° m in radius. (a) Find the uncertainty in the momentum of an electron 
whose position is known to within 10~!° m. (b) Find the corresponding uncertainty in the electron’s 
kinetic energy. What is the significance of this figure? 


(a) The momentum uncertainty is 


h 6.63 x 10 J-s 


BUN) oo Ay (Qn yO a 


= 1.06 x 10-* kg-m/s 


(b) Since KE = 4mv? = 1/(mv)?/2m, 


1 1. 10-4 kg. e 
AKE = ee ae 06 x 10 g-m/s) 


= =6.1x 10°? J=3.8eV 
2m (2)(9.11 x 10-2" kg) i 
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In order for this to be the uncertainty in electron’s KE, the KE itself must be greater, which in fact is true for 
all atomic electrons. 


BOHR MODEL OF THE HYDROGEN ATOM 


The hydrogen atom consists of a single electron and a single proton, which is the nucleus. In the classical model, 
the electron is imagined to circle the proton in an orbit such that the electric attraction of the proton provides the 
required centripetal force. The flaw in this model is that, according to electromagnetic theory, because the electron 
is accelerated, it must radiate electromagnetic waves and thus will lose energy until it spirals into the proton. 

In the Bohr model, it is postulated that stable orbits exist in which the angular momentum of the electron 
is a multiple of h/(27r), that is, that the angular momentum is nh/(27), where n = 1, 2,3,.... This postulate 
is equivalent to requiring that each orbit be a whole number of de Broglie wavelengths in circumference. If n is 
the guantum number of an orbit, then the orbit radius is 


Tn = Ir} A= 1,2, 35445 


where r, the radius of the smallest orbit, is 5.3 x 107!! m. 


ENERGY LEVELS 


The total energy (kinetic energy plus electric potential energy) of a hydrogen atom whose electron is in the mth 
orbit is 


E\ 
E, == na 1.2.3.5: 
n 
where E; = —13.6 eV = —2.18 x 107'® J. The permitted energies of an atom are called its energy levels. 


The energy levels are all negative, which means that the electron does not have enough energy to escape from 
the proton. The lowest level, corresponding to n = 1, is the ground state; higher levels are excited states. As n 
increases, E,, approaches zero; when E,, = 0, the electron is no longer bound to the proton and the atom breaks 
up. The work needed to remove an electron from an atom in its ground state is called the ionization energy; it is 
13.6 eV in the case of hydrogen. 


SOLVED PROBLEM 34.5 


Find the energies of the first three excited states of the hydrogen atom. 


Since E,, = E,/n? and E,; = —13.6 eV, we have 

Ey —13.6eV 

k= >= =-34eV 
2? 4 
E, —13.6eV 

£3 = 3 = 9 =—-1.5leV 
E —13.6eV 

nee ©" = —0.85 eV 
4 16 

SOLVED PROBLEM 34.6 


Find the velocity of the electron in a ground-state hydrogen atom according to the Bohr model. 


In the Bohr model, the de Broglie wavelength A = h/(mv) of the electron in the n = | state is equal to the orbit 
circumference of 27r,. Hence 


h 
A= — =2nr, 
my 


h 6.63 x 10-** J-s 


= = = 2.2 x 10° m/ 
° nmr, (20)(9.1 x 10-2" kg)(5.3 x 10-" m) S : 
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SOLVED PROBLEM 34.7 


To what temperature must a hydrogen sample be heated so that the average molecular energy equals the 
binding energy of the hydrogen atom? 


The binding (or ionization) energy of the hydrogen atom is 13.6 eV = 2.18 x 107!8 J. Since the average 
molecular energy is a gas whose absolute temperature T is equal to 3kT, here 


3 
~<kKT=E 
2 


2E (2)(2.18 x 107!8 J) 
T= = = 1.05 x 10°K 
3k ~~ (3)(.38 x 10-23 J/K) 


ATOMIC SPECTRA 


When a gas or vapor is excited by the passage of an electric current, light is given off which consists of certain 
specific wavelengths. Every element has such a characteristic emission line spectrum. The wavelengths in this 
spectrum fall into definite series whose member wavelengths are related by simple formulas. 

When white light is passed through a cool gas or vapor, light of certain specific wavelengths is absorbed. 
The wavelengths in the resulting absorption line spectrum correspond to a number of the wavelengths in the 
emission spectrum of that element. 

Line spectra owe their origin to the presence of energy levels in atoms. An atom in an excited state can 
remain there only a brief time (normally about 107° s) before dropping to a lower state. The difference in energy 
appears as a photon of frequency f, where 


Fvnitia — Efinat = hf 


Figure 34-1 is an energy-level diagram which shows the possible transitions in the hydrogen atom that are 
responsible for its emission line spectrum. The larger the energy difference between initial and final energy states, 
as indicated by the lengths of the arrows, the higher the frequency of the photon that is emitted. The names of 
the various spectral series in hydrogen are indicated. 

An absorption spectrum is produced by transitions in the opposite direction, from the ground state to excited 
states. Consider atoms illuminated by a beam of light whose spectrum is continuous (that is, a spectrum which 
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contains all frequencies). These atoms will absorb only light of frequencies that correspond to particular energy 
differences; these are the differences that correspond to transitions from the ground state to excited states. The 
excited atoms then fall back to their ground states, reradiating light as they do so. However, since the reradiation 
occurs randomly in all directions, only a small fraction of the reradiated light is in the direction of the original beam. 


THE LASER 


A laser is a device that produces an intense beam of monochromatic, coherent light from the cooperative radiation 
of excited atoms. The light waves in a coherent beam are all in phase with one another, which greatly increases 
their effectiveness. A laser beam is virtually nondivergent and hence remains as a narrow pencil of light even 
after traveling a large distance. 

The word /aser stands for light amplification by stimulated emission of radiation. In a laser, atoms of 
a particular kind are raised to metastable (temporarily stable) states of energy hf, which are excited states 
of relatively long lifetimes. Radiation of frequency f induces the excited atoms to emit photons of the same 
frequency and thereby to return to their ground (normal) states so that a small amount of initial radiation can be 
greatly amplified. 


SOLVED PROBLEM 34.8 


Describe two mechanisms by which the atoms of a gas can be excited so that they emit light whose 
frequencies make up the characteristic line spectrum of the element involved. 


(1) One mechanism is a collision with another atom, as a result of which some of their kinetic energy becomes 
excitation energy within one or both atoms. The excited atoms then lose this energy by emitting one or more 
photons. In an electric discharge in a gas, for instance in a neon sign or a sodium-vapor highway lamp, an 
electric field accelerates electrons and ions to velocities sufficient for atomic excitation. 

(2) Another mechanism is the absorption by an atom of light for which hf is just right to raise the atom from 
its ground state to one of its excited states. If white light is directed at the gas, photons of those energies that 
correspond to such transitions are absorbed. When the energy is reradiated, all the possible transitions from the 
highest excited state reached show up in the emitted light. 


SOLVED PROBLEM 34.9 


A proton and an electron come together to form a hydrogen atom in its ground state. Under the assumption 
that a single photon is emitted in this process, what is its frequency? 


The energy of a hydrogen atom in its ground state is —13.6 eV = —2.13 x 107!8 J. Hence 2.18 x 107!8 J of 
energy must be given off when the atom is being formed. If a single photon is emitted, its frequency is found from 
E =hf tobe 


E_ 2.18x 10-83 


=3.3x 10°H 
h 663 x 10 Js i 4 


t= 


SOLVED PROBLEM 34.10 


Of the following transitions between energy levels in a hydrogen atom, which one involves (a) the emis- 
sion of the photon of highest frequency, (b) the emission of the photon of lowest frequency, (c) the 
absorption of the photon of highest frequency, (d) the absorption of the photon of lowest frequency? The 
transitions aren = |lton =2;n=2ton=1;n=2ton=6;andn = 6ton =2. 


In general, photon emission occurs during a transmission to a state of lower n, and photon absorption occurs 
during a transition to a state of higher n. By inspecting the energy level diagram of hydrogen (Fig. 34-1), we see that 
the energy difference between the n = | and n = 2 levels is greater than that between the n = 2 and n = 6 levels. 
Hence the answers are as follows: (a) n =2 ton = 1; (b)n = 6ton =2; (c)n=1ton=2;(d)n=2ton=6. 
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SOLVED PROBLEM 34.11 


A sample of hydrogen gas is bombarded by a beam of electrons. How much energy must the electrons 
have if the first line of the Balmer spectral series, corresponding to a transition from the n = 3 state to 
the n = 2 state, is to be radiated? 


The energy of the n = 3 state in hydrogen is 


E —13.6eV 
Bea = Fey 
3° 9 
The difference in energy between the ground (n = 1) state and the n = 3 state is 13.6 eV — 1.5 eV = 12.1 eV, so 
the energy needed by the bombarding electrons is 12.1 eV. The reason the energy difference between the n = 1 and 
n = 3 states is involved is that the hydrogen atoms are initially in the n = | state. 


QUANTUM THEORY OF THE ATOM 


The Bohr atomic model only applies to the hydrogen atom, the simplest one. The more general (and complex) 
quantum theory of the atom holds for many-electron atoms as well. Four quantum numbers are needed to describe 
the physical state of an atomic electron, in place of the single quantum number of the Bohr model. These are 
shown in Table 34.1. 

The possible energies of the electron are chiefly determined by n and only to a smaller extent by / and m). 
For the hydrogen atom, E, = E,/n? in the quantum theory as in the Bohr theory. 

Every electron behaves in certain respects as though it is a spinning charged sphere. The amount of spin is 
the same for every electron, but there are two possible directions in which the angular momentum vector can 


point in a magnetic field: “up” (m; = +3) and “down” (m,; = — 5). 
Table 34-1 
Name Symbol Possible Values Quantity Determined 
Principal n 1,25 Byes. Electron energy 
Orbital I 0,1,2,...,n—1 Magnitude of angular momentum 
Magnetic mM, —/l,...,0,...,4/ Direction of angular momentum 
Spin magnetic Ms - i, +4 Direction of electron spin 
ATOMIC ORBITALS 


The distribution in space of the probability density 7 of an atomic electron depends on its quantum numbers 
n,1, and m;. As mentioned above, the larger the value of y? in a certain place at a certain time, the greater the 
likelihood of finding the electron there. The quantum theory of the atom enables y* to be calculated for any 
combination of n, /, and m, values for any atom. The region in space where y? is appreciable for a given quantum 
state is called an orbital. 


ATOMIC STRUCTURE 
The two basic rules that govern the electron structures of many-electron atoms are as follows: 


1. Anatom is stable when all its electrons are in quantum states of the lowest energy possible. 


2. Only one electron can occupy each quantum state of an atom; this is the exclusion principle. Thus each 
electron must be described by a different set of quantum numbers n, /, m;, ms. 
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Electrons with the same principal quantum number 7 in an atom are usually about the same distance from 
the nucleus and have similar energies. Such electrons are said to occupy the same shell. The higher the value of 
n, the greater the energy. Electrons in a given shell that have different orbital quantum numbers / have different 
probability density distributions and therefore somewhat different energies; those with the same value of / are 
said to occupy the same subshell and have very nearly the same energy. The higher the value of / in a given 
subshell, the greater the energy. 


SOLVED PROBLEM 34.12 


In the Bohr model of the hydrogen atom, the radius of the electron’s orbit is 5.3 x 107"! m in the ground 
state. What aspect of the quantum theoretical model might correspond to this relationship? 


The maximum probability of finding the electron occurs at this distance from the nucleus. 


SOLVED PROBLEM 34.13 
How many electrons are able to share an orbital in an atom? 


Since an orbital is characterized by a given n, /, and m,, the exclusion principle permits two electrons to occupy 


each orbital in an atom, one with m, = +4 and the other with m, = — 5. 


SOLVED PROBLEM 34.14 


What quantum numbers characterize the atomic state in which an electron has the lowest energy? 
n=1 1=0 m, =0 m,=+ 


SOLVED PROBLEM 34.15 


What are the possible values of the orbital and magnetic quantum numbers of an atomic electron whose 
principal quantum number is n = 3? 


Since / ranges from 0 up to n — | for an electron of principal quantum number n and since m; ranges from —/ 
through 0 to +/ for an electron of orbital quantum number /, we have 


1=0 m, =0 
m =+1 
i= 1 m, = 0 
m, =—1 
m, = +2 
m, = +1 
b= 2 m, = 0 
m, =—1 
m, = —2 


SOLVED PROBLEM 34.16 


What is the effective nuclear charge that acts on each electron in the outer shell of the chlorine (Z = 17) 
atom? 


The chlorine atom has closed n = | and n = 2 shells with, respectively, two and eight electrons in each. Hence 
the n = 3 shell contains seven electrons that are shielded by the 10 inner ones, and the effective charge acting on 
these n = 3 electrons is accordingly +7e (Fig. 34-2). 
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SOLVED PROBLEM 34.17 


Why is achlorine atom able to pick up only a single electron when it reacts chemically whereas an oxygen 
atom can pick up two electrons? 


A chlorine atom lacks one electron of a closed outer shell. When it picks up an electron, which it can do easily 
because the other electrons in the outer shell do not shield the nuclear charge, this shell is closed, and any further 
electrons would have to go into the next shell. However, an electron in the next shell would find a net charge of —e 
inside its orbital, not a net charge of +7e as the electrons in the previous shell do, and hence would be repelled rather 
than held to the atom. Since an oxygen atom lacks two electrons of a closed outer shell, it can accommodate two 
additional electrons in this shell; further electrons would be repelled as in the case of a CI” ion. 


SOLVED PROBLEM 34.18 


34.1. 


34.2. 


34.3. 


34.4, 


34.5. 


Why does a closed / = 2 subshell contain 10 electrons? 


The possible values of the magnetic quantum number m, when the orbital quantum number is/ = 2 arem, = —2, 
—1,0,+1, +2, which is a total of 5. An electron with a given value of m; can have m, = +3, so the total number 
of permitted quantum states in a d subshell is twice 5, or 10. 


Multiple-Choice Questions 


De Broglie waves can be regarded as waves of 

(a) energy (c) electric charge 

(b) momentum (d) probability 

Wave behavior is exhibited by 

(a) only particles at rest (c) only charged particles 

(b) only moving particles (d) all particles 

The velocity of the wave packet that corresponds to a moving particle is 


(a) lower than the particle’s velocity 
(b) equal to the particle’s velocity 
(c) higher than the particle’s velocity 
(d) may be any of the above 


According to the uncertainty principle, it is impossible to precisely determine at the same time a particle’s 


(a) position and charge (c) momentum and energy 
(b) position and momentum (d) charge and mass 


A hydrogen atom is in its ground state when its electron is 


(a) atrest (c) in its lowest energy level 
(b) inside the nucleus (d) inits highest energy level 
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34.6. 


34.7. 


34.8. 


34.9, 


34.10. 


34.11. 


34.12. 


34.13. 


34.14. 


34.15. 


A photon is emitted by an atom when one of the atom’s electrons 


(a) leaves the atom 

(b) collides with another of its electrons 
(c) shifts to a lower energy level 

(d) shifts to a higher energy level 


The wavelengths in the bright-line emission spectrum of an element are 


(a) characteristic of the particular element 

(b) the same for all elements 

(c) evenly distributed throughout the visible spectrum 

(d) different from the wavelengths in its dark-line absorption spectrum 


When an atom absorbs a photon of light, which one or more of the following can happen? 


(a) Anelectron shifts to a state of smaller principal quantum number. 
(b) Anelectron shifts to a state of higher principal quantum number. 
(c) Anelectron leaves the atom. 

(d) An X-ray photon is emitted. 


The sun’s spectrum consists of a bright background crossed by dark lines. This suggests that the sun has a 


(a) hot interior surrounded by a hot atmosphere 
(b) hot interior surrounded by a cool atmosphere 
(c) cool interior surrounded by a hot atmosphere 
(d) cool interior surrounded by a cool atmosphere 


A quantum number is not associated with an atomic electron’s 

(a) mass (c) spin 

(b) energy (d) orbital angular momentum 

The exclusion principle states that no two electrons in an atom can have the same 

(a) velocity (c) spin 

(b) — orbit (d) set of quantum numbers 

Which one or more of the following events cannot raise an atom from its ground state to an excited state? 


(a) spontaneous emission of a photon 
(b) induced emission of a photon 

(c) absorption of a photon 

(d) acollision with another atom 


The operation of the laser is based on which one or more of the following? 


(a) the uncertainty principle 

(b) the exclusion principle 

(c) induced emission of radiation 
(d) interference of matter waves 


The waves emitted by a laser do not 


(a) all have the same wavelength 

(b) emerge in step with one another 

(c) forma narrow beam 

(d) have higher photon energies than waves of the same frequency from an ordinary source 


An electron with a velocity of 1.5 x 10’ m/s has a de Broglie wavelength of 


(a) 91x10°57m = (ce) 4.9x 107! m 
(b) 65x10-8m (da) 4.9x 107m 
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34.3. 
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34.5. 


34.6. 


34.7. 


34.8. 
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34.11. 


34.12. 


34.13. 
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The kinetic energy of a neutron (mass 1.675 x 10~”* kg) whose de Broglie wavelength is 2.0 x 10~ m is 


(a) 3.3x10°-B eV (c) 2.0MeV 
(b) O0.21eV (d) 0.37 GeV 


Supplementary Problems 


Why is the uncertainty principle only significant for such extremely small particles as electrons and protons even 
though it applies to objects of all sizes? 


What relationship would you expect between the chemical activity of a metal and its ionization energy? 


What is the nature of the spectrum found in (a) light from the hot filament of a light bulb, (b) light from a neon sign, 
and (c) light originating as in (a) that has passed through cool neon gas. 


How are the compositions of the sun and stars determined? 
Why does the spectrum of hydrogen consist of many lines even though a hydrogen atom has only a single electron? 


In the Bohr model of the hydrogen atom, what condition must be obeyed by the electron if it is to move in its orbit 
indefinitely without radiating energy? 


What is the chief way in which light from a laser differs from light from other sources? 
Find the de Broglie wavelength of a 10-g rifle bullet traveling at the velocity of sound, 331 m/s. 
Find the kinetic energy in eV of an electron whose de Broglie wavelength is 10~!° m. 


An experiment is planned in which the momentum of an electron is to be measured to within +10~”° kg-m/s while 
its position is known to within +10~'° m. Do you think the experiment will succeed? 


A proton is confined to a region 10-° m across. (a) Find the uncertainty in its momentum. (b) Find the minimum 
energy it can have. 


The earth’s mass is 6 x 107 kg, the radius of its orbit around the sun is 1.5 x 10!! m, and its orbital velocity is 
3 x 10* m/s. (a) Find the de Broglie wavelength of the earth. (b) Find the quantum number of the earth’s orbit. 
(c) Do you think quantum considerations play an important part in the earth’s orbital motion? 


How much energy is needed to remove the electron from a hydrogen atom when it is in the n = 4 state? 


How does the average energy per molecule in a gas at 20°C compare with the energy needed to raise a hydrogen 
atom from its ground state to its lowest excited state? 


Find the velocity of the electron in the n = 5 state of a hydrogen atom according to the Bohr model. Is this more or 
less than the velocity of the electron when it is in the n = | state? 


What m, values are possible for an electron in a state of n = 4,/ = 3? 
How many electrons are there in a closed / = 3 subshell? 


What is the effective nuclear charge that acts on each electron in the outer shell of the calcium (Z = 20) atom? Would 
you think that such an electron is relatively easy or relatively hard to detach from the atom? 


What is the effective nuclear charge that acts on each electron in the outer shell of the sulfur (Z = 16) atom? Would 
you think that such an electron is relatively easy or relatively hard to detach from the atom? 
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34.1. 


34.2. 


34.3. 


34.4. 


34.5. 


34.6. 


34.7. 


34.8. 


34.1. 


34.2. 


34.3. 


34.4, 


34.5, 


34.6. 


34.7. 


34.8. 


34.9, 


34.10. 


34.11. 


34.12. 


34.13. 


Answers to Multiple-Choice Questions 


(d) 34.9. (b) 
(b) 34.10. (a) 
(b) 34.11. (d) 
(b) 34.12. (a), (b) 
(c) 34.13. (c) 
(c) 34.14. (d) 
(a) 34.15. (c) 


(b), (c) 34.16. (c) 


Answers to Supplementary Problems 


The uncertainties in the position and momentum of an object much larger than an elementary particle are so small 
compared with its dimensions and momentum as to be undetectable. 


The lower the ionization energy of a metal, the more easily one of its electrons can be detached in a chemical reaction 
and hence the more active it is. Thus potassium, whose ionization energy is 4.3 eV, is more active chemically than 


zinc, whose ionization energy is 9.4 eV. 


(a) Continuous emission spectrum as described in Chapter 22 (b) Emission line spectrum 
(c) Absorption line spectrum 


The presence of the spectral lines of a particular element in the spectrum of the sun or a star means that this element 
must be present there. 


A hydrogen sample contains a great many atoms, each of which can undergo a variety of transitions between energy 
levels. 


The orbit must be one de Broglie wavelength in circumference; or equivalently, the orbital angular momentum of 
the electron must be equal to h/(277). 


The light waves from a laser are coherent, that is, they are exactly in phase with one another. 
2x 104m 

1.51 eV 

No, because the uncertainty principle limits A(@mv) Ax to a minimum of 1.05 x 1074 J-s. 
(a) 1.05 x 10-* kg-m/s (b) 3.3 x 10° J =0.21 MeV 

(a) 3.68 x 10-3 m (b) 2.56 x 10” (c) No 


0.85 eV 
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KE,, = 6.07 x 1077! J; the energy difference between the n = | and n = 2 states is 1.64 x 10~'8 J, which is 270 
times greater. 


8.8 x 10+ m/s; less 

m, = 0, +1, -1, +2, —2, +3, —3 
14 

+2e; relatively easy 


+6e; relatively hard 


The Solid State 


CHEMICAL BONDS 


When a compound is formed, atoms of the elements present are linked by chemical bonds. It is customary 
to classify chemical bonds as ionic or covalent, although actual bonds are often intermediate between the two 
extremes. In an ionic bond, one or more electrons from one atom are transferred to another atom, and the resulting 
positive and negative ions then attract each other. In a covalent bond, one or more pairs of electrons are shared 
by two adjacent atoms. As these electrons move about, they spend more time between the atoms than elsewhere, 
which results in an attractive electric force that holds the atoms together. 

A molecule is a group of atoms that are held together tightly enough by covalent bonds to behave as a single 
particle. A molecule always has a definite composition and structure and has little tendency to gain or lose atoms. 
Tonic bonds usually result in crystalline solids, not in molecules; such solids consist of aggregates of positive 
and negative ions in a stable arrangement characteristic of the compound involved. Some crystalline solids are 
covalent rather than ionic, as discussed below. 


CRYSTALS 


Most solids are crystalline, with the ions, atoms, or molecules of which they consist arranged in a regular pattern. 
Four kinds of bonds are found in crystals: ionic, covalent, metallic, and van der Waals. 

A crystal of ordinary salt, NaCl, is an example of an ionic solid, with Nat and Cl” ions in alternate positions 
in a simple lattice (Fig. 35-1). 

An example of a covalent solid is diamond, each of whose carbon atoms is joined by covalent bonds to four 
other carbon atoms in a structure that is repeated throughout the crystal (Fig. 35-2). Both ionic and covalent 
solids are hard and have high melting points, which are reflections of the strength of the bonds. Ionic solids are 
much more common than covalent ones. 

Tn a metal, the outermost electrons of each atom are shared by the entire assembly, so that a “gas” or “sea” 
of electrons moves relatively freely throughout. The interaction between this electron sea and the positive metal 
ions leads to a cohesive force, much as in the case of the shared electrons in a covalent bond but on a larger scale. 
The presence of the free electrons accounts for such typical properties of metals as their opacity, surface luster, 
and high electric and heat conductivities. 

All molecules, and even inert-gas atoms such as those of helium, exhibit weak, short-range electric attractions 
for one another due to van der Waals forces. These forces are responsible for the condensation of gases into liquids 
and the freezing of liquids into solids even in the absence of ionic, covalent, or metallic bonds between the atoms 
or molecules involved. Such familiar aspects of the behavior of matter as friction, viscosity, and adhesion are due 
to van der Waals forces. Van der Waals forces arise from the lack of symmetry in the momentary distributions of 
the electrons in a molecule. When two molecules are close together, these momentary charge asymmetries tend 
to shift together, with the positive part of one molecule always near the negative part of the other even though 
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Fig. 35-1 


the locations of these parts are always changing. Van der Waals forces are quite weak, and substances composed 
of whole molecules, such as water, usually have low melting and boiling points and little mechanical strength in 
the solid state. Table 35.1 shows the four types of crystalline solids. 


SOLVED PROBLEM 35.1 
Are all solids crystalline? 


No. The atoms, ions, or molecules of which a crystalline solid is composed fall into regular, repeated patterns. 
The presence of such long-range order is the defining property of crystals. Other solids lack long-range order in their 
structures and may be regarded as supercooled liquids whose stiffness is due to exceptionally high viscosity. Glass, 
pitch, and many plastics are examples of such amorphous (“without form’’) solids. 


SOLVED PROBLEM 35.2 
How are the crystal structures of solids usually determined? 


The structure of a crystal is usually determined by the interference patterns produced when an X-ray beam 
passes through it. A crystal consists of a regular array of atoms, each of which is able to scatter an electromagnetic 
wave that happens to strike it. A beam of X-rays, all with the same wavelength, that falls upon a crystal will be 
scattered in all directions within it; but, owing to the regular arrangement of the atoms, in certain directions the 
scattered waves will constructively interfere with one another while in others they will destructively interfere. The 
phenomenon is known as X-ray diffraction. The resulting pattern of high and low X-ray intensities can be analyzed 
to yield the arrangement in space of the scattering centers, which are the atoms of the crystal. 


ENERGY BANDS 


The atoms in almost all crystalline solids, whether metals or not, are so close together that their outer electrons 
constitute a single system of electrons common to the entire crystal. In place of each precisely defined character- 
istic energy level of an individual atom, the entire crystal possesses an allowed energy band which spans a range 
of possible energies. This is a consequence of the excludion principle mentioned in Chapter 34. The allowed 
energy bands in a solid thus correspond to the energy levels in an atom, and an electron in a solid can have only 
those energies that fall within these energy bands. If adjacent allowed energy bands do not overlap, the intervals 
between them represent energies which their electrons cannot have. Such intervals are called forbidden bands. 
The electrical behavior of a crystalline solid is determined both by its energy-band structure and by how these 
bands are normally filled with electrons. The highest energy band that normally may contain electrons is known 
as the upper energy band. 
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Table 35-1 Crystal Types* 


Bond Example Properties 


Electric Sodium chloride Hard; high melting 
attraction NaCl points; may be 
soluble in polar 
liquids such 


Pee as water 


negative ion 


™ positive ion 


Covalent Shared Diamond Very hard; high 
electrons C melting points; 
insoluble in 
nearly all 
solvents 


Metallic Electron gas Sodium Ductile; metallic 


@ © Na luster, high 


electric and 
thermal 


@ 
~~ metal ion conductivity 
@ 


=— electron gas 


Van der Waals Methane Soft; low melting 
forces CHy4 and boiling 
points; soluble in 
covalent liquids 


instantaneous charge 


separation in molecule 


* From Arthur Beiser, Concepts of Modern Physics, 6th Ed., ©2003, The McGraw-Hill Companies. Reproduced with permission of The 
McGraw-Hill Companies.) 


SOLVED PROBLEM 35.3 


The upper energy band of a metal is only partly filled with electrons (Fig. 35-3); that is, the band does not 
contain the maximum number of electrons that can have energies in its range. How does this fact account 
for the ability of metals to conduct electric current? 


Partly filled 
energy band 


} Forbidden band 


Energy 


} Filled energy band 


Fig. 35-3. Energy bands of a metal. 


When an electric field is established in a metal, electrons interact with the field to acquire additional energy 
while remaining in their original energy band. The additional energy is in the form of kinetic energy, and the moving 
electrons constitute an electric current. 
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SOLVED PROBLEM 35.4 


The upper energy band of an insulator is completely filled with electrons and is separated from the next 
higher energy band by a forbidden band several electronvolts wide (Fig. 35-4). How does this fact account 
for the inability of insulators to conduct electric current? 


} Empty energy band 


| Wide forbidden band 


Energy 


} Filled energy band 


Fig. 35-4. Energy bands of an insulator. 


An electron in an insulator must acquire at least as much energy as the width of the forbidden band if it is to 
have the kinetic energy required to move through the crystal. An energy increment of several electronvolts cannot 
be readily given to an electron in a solid by an electric field because of the presence of so many other electrons and 
nuclei, so insulators are very poor conductors of electric current. 


SOLVED PROBLEM 35.5 


Why are metals opaque to visible light, whereas insulators are transparent when in the form of regular 
crystals? 


Photons of visible light have energies of between about | and 3 eV. Such amounts of energy are readily absorbed 
by a “free electron” in a metal, since its allowed energy band is only partly filled, and metals are accordingly opaque. 
The electrons in an insulator, however, need more than 3 eV of energy to jump across the forbidden band to the next 
allowed band. Insulators therefore cannot absorb photons of visible light and so are transparent. Of course, most 
samples of insulating materials do not appear transparent, but that is because of such other factors as the scattering 
of light by irregularities in their structures or an amorphous character. 


SOLVED PROBLEM 35.6 
What is the energy-band structure of a semiconductor? 


In semiconductors, a very narrow forbidden band separates a filled upper energy band from the next empty one 
(Fig. 35-5), and some electrons have enough kinetic energy of thermal origin to jump this gap. Such a substance 
can conduct electric current to a limited extent. Some semiconductors contain small amounts of impurities which 
provide energy levels in the forbidden band, thus reducing the width of the energy gap electrons must overcome in 


order to move freely. 


\ Empty energy band 


an 
5 } Narrow forbidden band 
a 
} Filled energy band 
Fig. 35-5. Energy bands of a semiconductor. 
SOLVED PROBLEM 35.7 


What is an n-type semiconductor? 


Ann-type semiconductor is one in which current is carried by negative charges. These are excess electrons from 
impurity atoms whose outermost shells contain too many electrons to fit into the crystal’s electron structure. For 
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example, arsenic atoms have five electrons in their outer shells, whereas silicon atoms have four. When an arsenic 
atom replaces a silicon atom in a silicon crystal, four of its electrons are incorporated in covalent bonds with its 
nearest neighbors. The fifth electron needs little energy to be detached and move about in the crystal (Fig. 35-6). In 
an energy band diagram, such as that of Fig. 35-7, the effect of arsenic as an impurity is to provide occupied energy 
levels, called donor levels, just below an empty energy band. 
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Fig. 35-7. Energy bands of an n-type semiconductor. 


SOLVED PROBLEM 35.8 


What is a p-type semiconductor? 


A p-type semiconductor is one in which current is carried by the motion of holes, which are vacancies in the 
crystal’s electron structure that behave as positive charges. An electron needs relatively little energy to enter a hole; 
but as it does so, it leaves a new hole in its former location. When an electric field is applied across a crystal that 
contains holes, electrons move toward the positive electrode by successively filling holes. The flow of current in this 
situation is most conveniently described with reference to the holes, whose behavior is like that of positive charges 
since they move toward the negative electrode (Fig. 35-8). 
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An example of a p-type semiconductor is a silicon crystal with gallium as an impurity. Gallium atoms have 
only three electrons in their outer shells, and their presence leaves holes in the electron structure of the crystal. In an 
energy band diagram, such as that of Fig. 35-9, the effect of gallium as an impurity is to provide unoccupied energy 
levels, called acceptor levels, just above the highest filled energy band. 
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Explain the operation of a semiconductor diode. 


The operation of a semiconductor diode 


is based on the properties of a junction between p- and n-type materials. 


In the diode shown in Fig. 35-10, the left-hand end is a p-type region in which conduction occurs by the motion 
of holes, and the right-hand end is an n-type region in which conduction occurs by the motion of electrons. In 
Fig. 35-10(b), a voltage is applied across the crystal so that the p end is negative and the n end is positive. This 


situation is called reverse bias. The holes in 


the p region migrate to the left and disappear at the negative terminal, 


while the electrons in the n end migrate to the right and disappear at the positive terminal. New electron-hole pairs 
are spontaneously created by thermal excitation, but they are few in number and the resulting current is extremely 


small. 
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Figure 35-10(c) shows the same crystal with a forward bias: The p end is now positive, and the n end is now 


negative. In this case new holes are created 


continuously by the removal of electrons at the positive terminal, and 


new electrons are added at the negative terminal. The holes migrate to the right and the electrons to the left under 
the influence of the applied voltage. The holes and electrons meet at the p-n junction and recombine there. Thus 
current can flow readily in one direction through a p-n junction but hardly at all in the other, which makes a diode 
of this kind an ideal rectifier to change an alternating current to a direct current. 


SOLVED PROBLEM 35.10 


Explain the operation of a light-emitting diode (LED). 


Energy is needed to create an electron-hole pair, and this energy is given up when an electron and a hole 
recombine. In silicon and germanium, the recombination energy is absorbed by the crystal as heat, but in certain 
other semiconductors, such as gallium arsenide, a photon is emitted when recombination occurs. This is the basis of 


the light-emitting diode. 
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SOLVED PROBLEM 35.11 
Explain the operation of a simple junction transistor. 


Figure 3-11 shows an n-p-n junction transistor, which consists of a thin p-type region, called the base, that is 
sandwiched between two n-type regions, called the emitter and the collector. The transistor is given a forward bias 
across the emitter-base junction and a reverse bias across the base-collector junction. The emitter is more heavily 
“doped” with impurity atoms than the base, so nearly all the current across the emitter-base junction consists of 
electrons moving from left to right. Because the base is made very thin and the concentration of holes there is low, 
most of the electrons that enter the base diffuse through it to the base-collector junction where the high positive 
potential attracts them to the collector. Changes in the input circuit current are thus mirrored by changes in the output 
circuit current. The ability of the transistor of Fig. 35-11 to produce amplification comes from the reverse bias across 
the base-collector junction, which permits a much higher voltage in the output circuit than that in the input circuit. 
Since electric power = (current)(voltage), the power of the output signal can greatly exceed the power of the input 
signal. By using different circuits, a transistor can also be used as a current or voltage amplifier. 
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Fig. 35-11 


SOLVED PROBLEM 35.12 
Explain the operation of a field-effect transistor. 


Figure 35-12 shows an n-channel field-effect transistor that consists of a strip of n-type material with contacts at 
both ends together with a strip of p-type material, called the gate, on one side. When connected as shown, electrons 
move from the source terminal to the drain terminal through the n-type channel. The p-n junction is given a reverse 
bias, and as a result both the n and p materials near the junction are depleted of charge carriers. The higher the 
reverse potential on the gate, the larger the depleted region in the channel, and the fewer the electrons available to 
carry the current. Thus the gate voltage controls the channel current. 
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In a metal oxide semiconductor field-effect transistor (MOSFET), the semiconductor gate is replaced by a metal 
film separated from the channel by an insulating layer of silicon dioxide. The metal film is thus capacitively coupled 
to the channel, and its potential controls the drain current through the number of induced charges in the channel. A 
MOSFET is easier to make than the field-effect transistor of Fig. 35-12 and occupies only a few percent of the area 
needed for a junction transistor. 


Multiple-Choice Questions 


Solids held together by van der Waals bonds usually 

(a) have low melting points 

(b) have high melting points 

(c) are good conductors of electricity 

(d) are extremely hard 

The electron “gas” in a metal is not directly responsible for its 

(a) electrical conductivity (c) surface luster 

(b) thermal conductivity (d) strength 

When the upper energy band of a solid is partly filled with electrons, the solid is 

(a) an insulator (c) ann-type semiconductor 

(b) aconductor (d) a p-type semiconductor 

When a wide forbidden band in a solid separates an empty upper energy band from a filled lower band, the solid is 
(a) an insulator (c) ann-type semiconductor 

(b) aconductor (d) a p-type semiconductor 

When an empty energy band in a solid has occupied donor levels below it, the solid is 
(a) an insulator (c) ann-type semiconductor 

(b) aconductor (d) a p-type semiconductor 

A hole in a p-type semiconductor is which one or more of the following? 


(a) amissing atom 

(b) amissing electron 

(c) equivalent to a positive charge 
(d) equivalent to a negative charge 


A current in a p-type semiconductor involves the motion of 

(a) electrons (c) positive atomic ions 

(b) holes (d) negative atomic ions 

A current in an n-type semiconductor involves the motion of 

(a) electrons (c) positive atomic ions 

(b) holes (d) negative atomic ions 

A junction between n- and p-type semiconductors conducts electric current best when 


(a) both ends are positive 
(b) both ends are negative 
(c) the p end is positive and the n end is negative 
(d) the p end is negative and the n end is positive 
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A photon is given off by a light-emitting diode when 


(a) ahole is created 

(b) ahole is filled 

(c) two holes collide 

(d) two electrons collide 


Supplementary Problems 


You are given two solids of almost identical appearance, one of which is held together by ionic bonds and the other 
by van der Waals bonds. How could you tell them apart? 


Why can metals be deformed with relative ease whereas covalent and ionic solids are quite brittle? 


Van der Waals forces hold inert-gas atoms together to form solids, but they cannot hold such atoms together to form 
molecules in the gaseous state. Why not? 


How good a conductor is (a) a crystal whose upper energy band is partly filled with electrons? (b) A crystal that has 
a wide forbidden band between a filled lower band and an empty upper band? 


Does the “gas” of freely moving electrons in a metal include all the electrons of the metal atoms? 


The forbidden band in silicon is 1.1 eV wide, and in diamond it is 6 eV wide. What bearing do these figures have on 
the transparency to visible light of silicon and diamond? 


Semiconductors are usually opaque to visible light but are transparent to infrared light, whose frequencies are lower 
than those in visible light. What is responsible for the difference in transparency? 


An indium atom has three electrons in its outer shell, and a germanium atom has four. Does the addition of a small 
amount of indium to germanium produce an n- or a p-type semiconductor? 


At a p-n junction, (a) which direction of current represents forward bias and which reverse bias? (b) In which 
direction does current flow more rapidly? 


Is energy absorbed or given off when an electron and a hole recombine? If energy is absorbed, where does it come 
from? If energy is given off, where does it go? 


Answers to Multiple-Choice Questions 


(a) 35.6. (b), (c) 
(d) 35.7. (b) 
(b) —- 35.8. (a) 
(a) 35.9. (c) 


(c) 35.10. (b) 
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Answers to Supplementary Problems 


The van der Waals solid will be softer and will melt at a much lower temperature. 


Atoms in a metal can be readily rearranged in position because the bonding occurs by means of a sea of freely 
moving electrons. In a covalent crystal, the bonds are localized between adjacent atoms and must be ruptured to 
deform the crystal. In an ionic crystal, the bonding process requires a configuration of alternate positive and negative 
ions whose relative positions cannot be altered without breaking the crystal apart. 


Such forces are too weak to hold inert-gas molecules together against the forces exerted during collisions in the 
gaseous state. 


(a) Excellent (b) Very poor 

Only the outermost electrons in each metal atom become part of the electron “gas.” 

Silicon is opaque because its electrons readily absorb photons of visible light and enter the upper energy band. 
Diamond is transparent because photons of visible light do not have enough energy for electrons to absorb them and 
enter the upper band. 

The forbidden bands in semiconductors are comparable in width to the photon energies in visible light, hence 


semiconductors absorb visible light and are therefore opaque to it. The lower frequencies in infrared light mean that 
its photon energies are too low to be absorbed, hence semiconductors are transparent to such light. 


p-type 


(a) p—n, forward bias; n — p, reverse bias (b) Forward bias 


Energy is given off and is either absorbed by the crystal as heat or is emitted as a photon of light. 


CHAPTER 36 


Nuclear Physics 


NUCLEAR STRUCTURE 

The nucleus of an atom is composed of protons and neutrons whose masses are, respectively, 
Mm» = 1.673 x 10°?” kg = 1.007277 u 
my = 1.675 x 10-7’ kg = 1.008665 u 


(As we saw in Chapter 20, the value of the atomic mass unit is u = 1.660 x 10-7’ kg. The energy equivalent 
of this amount of mass is 931 megaelectronvolts (MeV). The proton has a charge of +e, and the neutron is 
uncharged. The atomic number of an element is the number of protons in the nucleus of one of its atoms. Protons 
and neutrons are jointly called nucleons. 

Although all the atoms of an element have the same number of protons in their nuclei, the number of neutrons 
may be different. Each variety of nucleus found in a given element is called an isotope of the element. Symbols 
for isotopes follow the pattern 


ox 
where X = chemical symbol of element 


Z = atomic number of element = number of protons in nucleus 
A = mass number of isotope = number of protons + neutrons in nucleus 


FUNDAMENTAL FORCES 


The force between nucleons that holds an atomic nucleus together despite the repulsive electric forces its protons 
exert on each other is the result of what is known as the strong interaction. This is a fundamental interaction in 
the same sense as the gravitational and electromagnetic interactions are: None can be explained in terms of any 
of the others. The strong interaction has only a very short range, unlike the gravitational and electromagnetic 
interactions, and is effective only within nuclei. 

Another interaction involving nuclei is the weak interaction, which helps govern the compositions of atomic 
nuclei. The various fundamental interactions and some of their properties are listed in Table 36-1. 


SOLVED PROBLEM 36.1 


The largest stable nucleus is that of the bismuth isotope - Bi. Why are larger nuclei unstable? 


The range of the strong interaction, which provides the attractive forces that hold nucleons together, is quite 
short, whereas the electric repulsive forces that act between protons have unlimited range. Hence, beyond a certain 
size the repulsive forces become comparable with the attractive ones, and such nuclei are unstable. 
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Table 36-1. The Four Fundamental Interactions 
Interaction Relative Strength Role in Universe 
Strong Holds protons and neutrons together to 
form atomic nuclei. 
Electromagnetic Approx. 107? Determines structures of atoms, 
molecules, solids, and liquids; is an 
important factor in the astronomical 
universe. 
Weak Approx. 107!7 m Approx. 1078 Helps determine compositions of atomic 
nuclei. 
Gravitational Infinite Approx. 10~*° Assembles matter into planets, stars, and 
galaxies. 
SOLVED PROBLEM 36.2 
State the number of protons and neutrons in the following nuclei: 
oy ; 12 36 137 
3Li 6C 169 56 Ba 
A nucleus designated 4X contains Z protons and A — Z neutrons. Accordingly, the numbers of protons and 
neutrons in the given nuclei are as follows: 
SLi : 3 protons, 3 neutrons 
eC: 6 protons, 6 neutrons 
Oe 16 protons, 20 neutrons 
137Ba : 56 protons, 81 neutrons 
SOLVED PROBLEM 36.3 
Ordinary chlorine is a mixture of 75.53 percent of the 3Cl isotope and 24.47 percent of the 01 isotope. 
The atomic masses of these isotopes are, respectively, 34.969 and 36.966 u. Find the average atomic mass 
of ordinary chlorine. 
The procedure is to multiply the mass of each isotope by the proportion of the whole it represents and then to 
add the results. Thus we obtain 
(0.7553)(34.969 u) + (0.2447) (36.966 u) = 35.458 u 
which is the average atomic mass of ordinary chlorine quoted in chemical tables. 
BINDING ENERGY 


The mass of an atom is always less than the sum of the masses of the neutrons, protons, and electrons of which it 
is composed. The energy equivalent of the missing mass is called the binding energy of the nucleus; the greater 
its binding energy, the more stable the nucleus. The mass defect Am of a nucleus with Z protons and N neutrons 
may be found from its atomic mass m by using the formula 


Am = Zmy + Nm, —m 
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where my, the mass of the hydrogen atom (which consists of a proton and an electron), is 
my = 1.007825 u 


To find the binding energy in megaelectronvolts (MeV), the usual unit, Am can be multiplied by the conversion 
factor 931 MeV/u. 


SOLVED PROBLEM 36.4 


The atomic mass of 0 is 15.9949 u. (a) What is its binding energy? (b) What is its binding energy per 
nucleon? 


(a) The Oo contains 8 protons and 8 neutrons in its nucleus. The mass of 8 H atoms is 8my = (8)(1.007825) u = 
8.0626 u, and the mass of 8 neutrons is 8m, = (8)(1.008665) u = 8.0693 u. Hence the mass deficit is Oo is 


Am = (8.0626 + 8.0693) u — 15.9949 u = 0.1370 u 
and since | u = 931 MeV, the binding energy is 
AE = (0.1370 u)(931 MeV/u) = 127.5 MeV 


(b) There are 16 nucleons in !€O, so the binding energy per nucleon is 127.6 MeV/16 nucleons = 7.97 MeV 
per nucleon. 


SOLVED PROBLEM 36.5 
The binding energy of 10Ne is 160.6 MeV. Find its atomic mass. 
The {}Ne contains 10 protons and 10 neutrons in its nucleus. The mass of 10 H atoms and 10 neutrons is 
mo = 10.07825 u + 10.08665 u = 20.1649 u 


The mass equivalent of 160.6 MeV is 


160.0 MeV 


m = ————— =0,.1725u 
931 MeV/u 


and so the mass of the {Ne atom is 


m = mo — Am = 20.1649 u — 0.1725 u = 19.9924 u 


NUCLEAR REACTIONS 


Nuclei can be transformed into others of a different kind by interaction with each other. Since nuclei are all 
positively charged, a high-energy collision is necessary between two nuclei if they are to get close enough 
together to react. Because it has no charge, a neutron can initiate a nuclear reaction even if it is moving slowly. 
In any nuclear reaction, the total number of neutrons and the total number of protons in the products must be 
equal to the corresponding total numbers in the reactants. 


FISSION AND FUSION 


Nuclei of intermediate size have the highest binding energies per nucleon (Fig. 36-1) and therefore are more 
stable than lighter and heavier nuclei. The highest binding energy per nucleon is found in the iron nucleus 3°Fe, 
If a heavy nucleus is split into two smaller ones, the greater binding energy of the latter means that energy will 
be liberated. This process is called nuclear fission. Certain very large nuclei, such as 43U, undergo fission when 


they absorb a neutron. Since the products of the fission include several free neutrons as well as two daughter 
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Fig. 36-1. (From Konrad B. Krauskopf and Arthur Beiser, The Physical Universe, 10th Ed., ©2003, The McGraw- 
Hill Companies. Reproduced with permission of The McGraw-Hill Companies.) 


nuclei, a chain reaction can be established in an assembly of a suitable fissionable isotope. If it is uncontrolled, 
the result is an atomic bomb. If it is controlled so that the rate at which fission events occur is constant, the result 
is a nuclear reactor which can serve as an energy source for generating electricity or for ship propulsion. 

In nuclear fusion, two light nuclei combine to form a heavier one whose binding energy per nucleon is 
greater. The difference in binding energies is liberated in the process. To bring about a fusion reaction, the initial 
nuclei must be moving rapidly when they collide to overcome their electric repulsion. Nuclear fusion is the 
source of energy in the sun and stars, where the high temperatures in the interiors mean that nuclei there have 
sufficiently high velocities and the high pressures mean that nuclear collisions occur frequently. In the operation 
of a hydrogen bomb, a fission bomb is first detonated to produce the high temperature and pressure necessary 
for fusion reactions to occur. The problem in constructing a fusion reactor for controlled energy production is to 
contain a sufficiently hot and dense mixture of suitable isotopes for long enough to yield a net energy output. 


SOLVED PROBLEM 36.6 


Complete the following nuclear reactions: 


S1i47H +3 He +7 
PC = 4 § 4:5 He 


7Be +3 He > jn+? 


In each of these reactions, the number of protons and the number of neutrons must be the same on both sides 
of the equation. Hence the complete reactions must be as follows: 


STi+?7H > 4He+4He 
NCl+ {H+ %S+$He 


iBe +3 He > jn+C 


SOLVED PROBLEM 36.7 


In a typical fission reaction, a SU nucleus absorbs a neutron and splits into a 10Xe nucleus and a aADE 


nucleus. How many neutrons are liberated in this process? 
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In order that the total numbers of protons and neutrons be the same before and after the fission reaction, two 
neutrons must be liberated. Hence the reaction is 


235 


pU+yn— ‘sy Xet3gSr+on+yn+ AE 


In this case AE is about 200 MeV. 


SOLVED PROBLEM 36.8 


When ou undergoes fission, about 0.1 percent of the original mass is released as energy. (a) How much 


energy is released when | kg of roll undergoes fission? (b) How much a U must undergo fission per 


day in a nuclear reactor that provides energy to a 100-MW (108-W) electric power plant? Assume perfect 
efficiency. (c) When coal is burned, about 32.6 MJ/kg of heat is liberated. How many kilograms of coal 
would be consumed per day by a conventional coal-fired 100-MW electric power plant? 
(a) E = mc’ = (0.001 kg)(3 x 10° m/s)? = 9 x 10° J 
(b) Energy = power x time, and so here 

E = Pt = (10° W)(3600 s/h) (24 h/day) = 8.64 x 10!” J/day 


Hence the mass of 733U required is 


8.64 x 10!? I/day 


= 9.6 x 10°-* kg/day = 96 g/d 
9x 10" Ikg . a | 
(c) The energy liberated per kilogram of coal burned is 3.26 x 107 J. Hence the mass of coal required is 


8.64 x 10!? J/day 


= 2.65 x 10° kg/d 
3.26 x 107 J/kg Ge nee 


which is 265 metric tons. 


SOLVED PROBLEM 36.9 


In the sun and most other stars the principal energy-liberating process is the conversion of hydrogen 
to helium in a series of nuclear fusion reactions in the course of which positrons (positively charged 
electrons) are emitted. (a) Write the equation for the overall process in which four protons form a helium 
nucleus (alpha particle). (b) How much energy is liberated in each such process? The masses of | H, ‘He, 
and the electron are, respectively, 1.007825, 4.002603, and 0.000549 u. 


(a) Two positrons must be given off so that charge will be conserved. Hence the overall process is 
1H+;H+{H+};H> jHetet+er 


(b) Since a helium atom has only two electrons around its nucleus, two electrons as well as two positrons are lost 
when each helium atom is formed. The mass change is therefore 


Am = 4my — (mye + 4m,) = (4)(1.007825 u) — [4.002603 u + (4)(0.000549 u)] 
= 0.026501 u 


and the energy liberated is (0.026501 u)(931 MeV/u)= 24.7 MeV. 


RADIOACTIVITY 


Certain nuclei are unstable and undergo radioactive decay into more stable ones. The five types of radioac- 
tive decay are shown in Fig. 36-2. A gamma ray is a high-energy photon, a positron is a positive electron, 
and an alpha particle is a nucleus of the helium atom ‘He. Gamma rays have the greatest ability to pene- 
trate matter before being absorbed and alpha particles are the most readily absorbed. The weak interaction is 
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Fig. 36-2. Radioactive decay. 


responsible for beta decay, electron capture, and positron emission and in this way helps determine nuclear 
structures. 


SOLVED PROBLEM 36.10 


What happens to the atomic number and mass number of a nucleus that (a) emits an electron, (b) undergoes 
electron capture, (c) emits an alpha particle? 


(a) Z increases by 1, A is unchanged, (b) Z decreases by 1, A is unchanged. (c) Z decreases by 2, A decreases 
by 4. 
SOLVED PROBLEM 36.11 


How many successive alpha decays occur in the decay of the thorium isotope 722TH into the lead isotope 
212ph? 
320 


Each alpha decay means a reduction of 2 in atomic number and of 4 in mass number. Here Z decreases by 8 
and A by 16, which means that 4 alpha particles are emitted. 
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HALF-LIFE 


A nucleus subject to radioactive decay always has a certain definite probability of decay during any time interval. 
The half-life of a radioactive isotope is the time required for half of any initial quantity to decay. If an isotope 
has a half-life of, say 5 h, and we start with 100 g of it, 50 g will be left undecayed after 5 h; 25 g will be left 
undecayed after 10 h; 12.5 g will be left undecayed after 15 h; and so on. 


SOLVED PROBLEM 36.12 


Tritium is the hydrogen isotope FA | whose nucleus contains two neutrons and a proton. Tritium is beta- 
radioactive and emits an electron. (a) What does tritium become after beta decay? (b) The half-life of 
tritium is 12.5 yr. How much of a 1-g sample will remain undecayed after 25 yr? 


(a) In the beta decay of a nucleus, one of its neutrons becomes a proton. Since the atomic number 2 corresponds 
to helium, the beta decay of 3H is given by 


7H > 3 He +e7 


and the new atom is 3He. 


(b) Twenty-five years is two half-lives of tritium, and so 5 x 5 xlg= ; g of tritium remains undecayed. 


Nie 


SOLVED PROBLEM 36.13 


The half-life of the sodium isotope iN a against beta decay is 15 h. How long does it take for seven-eighths 
of a sample of this isotope to decay? 


After seven-eighths has decayed, one-eighth is left, and z = 
answer is (3)(15) h= 45 h. 


xo xX ; which is three half-lives. Hence the 


Nie 


1 
2 


SOLVED PROBLEM 36.14 


The carbon isotope ps C (called radiocarbon) is beta-radioactive with a half-life of 5600 yr. Radiocarbon 
is produced in the earth’s atmosphere by the action of cosmic rays on nitrogen atoms, and the carbon 
dioxide of the atmosphere contains a small proportion of radiocarbon as a result. All plants and animals 
therefore contain a certain amount of radiocarbon along with the stable isotope Oo When a living thing 
dies, it stops taking in radiocarbon and the radiocarbon it already contains decays steadily. By measuring 
the ratio between the na C and rae contents of the remains of an animal or plant and comparing it with 
the ratio of these isotopes in living organisms, the time that has passed since the death of the animal or 
plant can be found. (a) How old is a piece of wood from an ancient dwelling if its relative radiocarbon 
content is one-fourth that of a modern specimen? (b) If it is one-sixteenth that of a modern specimen? 


(a) Since i = 5 x 5, the specimen is two half-lives old, which is 11,200 yr old. 
(b) Since = 4 x 5 xX 5 x i, the specimen is four half-lives old, which is 22,400 yr old. 
SOLVED PROBLEM 36.15 


The rate at which a sample of radioactive substance decays is called its activity. A unit of activity is the 
curie (Ci), where 1 curie = 3.7 x 10!° decays/s. If a luminous watch dial contains 5 Ci of the radium 
isotope 776Ra, how many decays per second occur in it? (This isotope emits alpha particles which cause 


flashes of light when they strike a special material the isotope is mixed with.) 


Since | uCi is 10~° Ci, the activity of the watch dial is 


decays/s 
i 


(3. x 10!° ) (5 x 107° Ci) = 1.85 x 10° decays/s 
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36.10. 


NUCLEAR PHYSICS 


Multiple-Choice Questions 


Nearly all the volume occupied by matter consists of 
(a) electrons (c) neutrons 

(b) protons (d) empty space 

The atomic number of an element is the number of 


(a) protons in its nucleus 

(b) neutrons in its nucleus 

(c) protons and neutrons in its nucleus 
(d) electrons in its nucleus 


The weakest of the four fundamental interactions is the 

(a) gravitational (c) strong 

(b) electromagnetic (d) weak 

The isotopes of an element all have the same 

(a) atomic number (c) binding energy 

(b) mass number (d) half-life 

Each nucleus of the nitrogen isotope !$N contains 

(a) 7 neutrons (c) 16 neutrons 

(b) 9 neutrons (d) 23 neutrons 

Nuclear fusion and fission reactions give off energy because 


(a) the binding energy per nucleon is least for nuclei of intermediate size 
(b) the binding energy per nucleon is most for nuclei of intermediate size 
(c) they liberate neutrons 

(d) they liberate protons 


In a chain reaction 


(a) protons and neutrons join to form atomic nuclei 
(b) light nuclei join to form heavy ones 


(c) neutrons emitted during the fission of heavy nuclei induce fissions in other nuclei 


(d) uranium is burned in a type of furnace called a reactor 


The energy that heats the sun has its origin in 


(a) radioactivity 

(b) nuclear fission 

(c) the production of helium from hydrogen 
(d) the production of hydrogen from helium 


An alpha particle consists of 


(a) two protons 

(b) two protons and two electrons 

(c) two protons and two neutrons 

(d) two protons, two neutrons, and two electrons 


Gamma rays have the same basic nature as 


(a) alpha particles (c) positrons 
(b) electrons (d) X-rays 


[CHAP. 36 


CHAP. 36] NUCLEAR PHYSICS 449 


36.11. 


36.12. 


36.13. 


36.14. 


36.15. 


36.16. 


36.17. 


36.18. 
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36.3. 


The most penetrating of the following radiations is 
(a) an alpha particle (c) apositron 

(b) anelectron (d) agamma ray 

The half-life of a radionuclide equals 


(a) half the time needed for a sample to completely decay 

(b) half the time a sample can be kept before it starts to decay 

(c) the time needed for half a sample to decay 

(d) the time needed for the rest of a sample to decay once half of it has already decayed 

During the decay of a radionuclide, its half-life 

(a) decreases (c) increases 

(b) does not change (d) any of the above, depending on the nuclide 

The sum of the masses of 10 protons and 10 neutrons is 0.172 u more than the mass of a {}Ne nucleus. The binding 


energy per nucleon in this nucleus is 


(a) 8.6x 10-3 eV (c) 16.0MeV 
(b) 8.0 MeV (d) 7.7 x 10'* eV 


When the uranium isotope *3/U undergoes alpha decay, the result is the nuclide 


(a) 73oTh (c) 7Ra 

(b) 739U (d) 730Ra 

When the strontium isotope Sr undergoes gamma decay, the result is the nuclide 
(a) Rb (c) SY 

(b) Sr (d) 3eKr 

The copper isotope $Cu decays into the nickel isotope ${Ni by emitting 


(a) anelectron (c) an alpha particle 
(b) apositron (d) agamma ray 


A certain radionuclide has a half-life of 12 h. Starting from 1.00 g of the nuclide, the amount left after 2 d will be 


(a) 0 (c) 016g 
(b) 0.0625g (d) 025g 


After 2 h has elapsed, 1/16 of the original quantity of a certain radionuclide remains undecayed. The half-life of 
this radionuclide is 


(a) 15min (c) 45 min 
(b) 30min (d) 60min 


Supplementary Problems 


Which of the fundamental interactions has the least significance in nuclear physics? 


In experiments involving nuclear fusion, magnetic fields rather than solid containers are used to confine atomic 
nuclei that are to react. Why? 


What are the similarities and differences between nuclear fission and nuclear fusion? 
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What parts of its structure are chiefly responsible for an atom’s mass and for its chemical behavior? 
State the numbers of protons and neutrons in each of the following nuclei: '7N, #3Cl, $5Zn, *0Hg. 


Ordinary boron is a mixture of 20 percent of the '?B isotope and 80 percent of the '!B isotope. The atomic masses 
of these isotopes are, respectively, 10.013 and 11.009 u. Find the atomic mass of ordinary boron. 


The atomic mass of }He is 3.01603. (a) What is its binding energy? (b) What is its binding energy per nucleon? 
The atomic mass of 7$Cl is 34.96885 u. (a) What is its binding energy? (b) What is its binding energy per nucleon? 
The binding energy of $5Ca is 361.7 MeV. Find its atomic mass. 


Complete the following nuclear reactions: 
"WN + $He > |H+? 
3B+jH> {C+? 
SLit+? > [Be + jn 
When 733U undergoes fission, about 0.1 percent of the original mass is released as energy. (a) How much energy is 
released by an atomic bomb that contains 10 kg of 73;U? (b) When 1 ton of TNT is exploded, about 4 x 10° J is 


released. How many tons of TNT are equivalent in destructive power to the above bomb? 


In some stars three $He nuclei fuse in sequence to form a '?C nucleus (m = 12.000000 u). How much energy is 
liberated each time this happens? 


Radium spontaneously decays into the elements helium and radon. Why is radium itself considered an element and 
not simply a chemical compound of helium and radon? 


What happens to the atomic number and mass number of a nucleus that emits a gamma-ray photon? What happens 
to its mass? 


The uranium isotope 735U decays into a stable lead isotope through the successive emission of eight alpha particles 
and six electrons. What is the symbol of the lead isotope? 


The half-life of °35U against alpha decay is 4.5 x 10° yr. (2) How long does it take for seven-eighths of a sample of 
this isotope to decay? (b) For fifteen-sixteenths to decay? 


The half-life against beta decay of the strontium isotope 3¢Sr is 28 yr. (2) What does 3°Sr become after beta decay? 
(b) What percentage of a sample of 3{Sr will remain undecayed after 112 yr? 


Answers to Multiple-Choice Questions 


(d) 36.6. (b) 36.11. (d) 36.16. (bd) 
(a) 36.7. (c) 36.12. (c) 36.17. (b) 
(a) 36.8. (c) 36.13. (b) 36.18. (bd) 
(a) 36.9. (c) 36.14. (b) 36.19. (bd) 


(b) 36.10. (d) 36.15. (a) 
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Answers to Supplementary Problems 


The gravitational interaction 

In such experiments, the nuclei form a gas at very high temperature that is called a plasma. A plasma would be 
cooled upon contact with a solid container, and atoms of the container would also be dislodged and enter the plasma, 
where they might affect the reaction unfavorably. It is not likely that the container would actually melt, since the 
total internal energy of the plasma, as distinguished from its temperature, is not very great. 

In fission, a large nucleus splits into smaller ones; in fusion, two small nuclei join to form a larger one. In both 
processes, the products of the reaction have less mass than the original nucleus or nuclei, with the missing mass 


being released as energy. 


The number of protons and neutrons in its nucleus determines the mass of an atom, and the number of electrons in 
the electron cloud surrounding the nucleus governs its chemical behavior. 


Tp, 8n; 17p, 18n; 30p, 34n; 80p, 120n 


10.81u 
(a) 7.71MeV (b) 2.57 MeV 


(a) 298MeV (b)_ 8.5 MeV 
41.9586 u 
303 on; jH 
(a) 9x 1043  (b)_ 2.25 x 10° tons 
7.27 MeV 


Helium and radon cannot be combined to form radium, nor can radium be broken down into helium and radon by 
chemical means. 


Z and A are unchanged, but the actual mass decreases in proportion to the energy lost. 
206Pb 
(a) 1.35 x 10!° yr (b) 1.8 x 10!° yr 


(a) ng (b) 6.25 percent 


APPENDIX A 


Physical Constants 
and Quantities 


Quantity Value 


Absolute zero —273°C = —460°F 
Acceleration of gravity of earth’s surface ‘ 9.81 m/s? = 32.2 ft/s? 
Avogadro’s number 6.023 x 10% atoms or molecules per mole 
Boltzmann’s constant 4 1.38 x 10-7 J/K 

Coulomb constant 4 8.99 x 10° N-m?/C? 
Electron charge 1.60 x 10°? C 

Electron mass : 9.1 x 1077! kg 
Gravitational constant 6.67 x 107!! N.m? /kg? 

= 3.44 x 10-8 Ib-ft?/slug” 
Molar volume at STP 22.4 L/mol 

Permeability of free space 4n x 1077 T-m/A 
Permittivity of free space 8.85 x 107? C?/(N-m?) 
Planck’s constant 6.626 x 107*4 J-s 
Stefan-Boltzmann constant 5.67 x 107-8 W/(m?-K*) 


Universal gas constant 8.31 x 10° J/mol-K) 
= 0.0821 atm-L/(mol-K) 
Velocity of light in free space : 3.00 x 108 m/s 
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APPENDIX B 


Conversion Factors 


Time 
1 day = 1.44 x 10° min = 8.64 x 101s 
1 yr = 8.76 x 10° h = 5.26 x 10° min = 3.15 x 10’ 


Length 

1 meter (m) = 100 cm = 39.4 in. = 3.28 ft 

1 centimeter (cm) = 10 millimeters (mm) = 0.394 in. 
1 kilometer (km) = 10° m = 0.621 mi 

1 foot (ft) = 12 in. = 0.305 m = 30.5 cm 

1 inch (in.) = 0.0833 ft = 2.54 cm = 0.0254 m 

1 mile (mi) = 5280 ft = 1.61 km 


Area 

1 m? = 10 cm? = 1.55 x 10° in? = 10.76 ft” 
1 cm? = 10-4 m? = 0.155 in.” 

1 ft? = 144 in? = 9.29 x 10-? m? = 929 cm? 


Volume 
1 m? = 10° L= 10° cm? = 35.3 ft? = 6.10 x 10* in 
1 f? = 1728 in? = 2.83 x 10-2 m? = 28.3 L 


Velocity 

1 m/s = 3.28 ft/s = 2.24 mi/h = 3.60 km/h 

1 ft/s = 0.305 m/s = 0.682 mi/h = 1.10 km/h 

(Note: It is often convenient to remember that 88 ft/s = 60 mi/h.) 
1 km/h = 0.278 m/s = 0.913 ft/s = 0.621 mi/h 

1 mi/h = 1.47 ft/s = 0.447 m/s = 1.61 km/h 


Mass 
1 kilogram (kg) = 10° grams (g) = 0.0685 slug 
(Note: 1 kg corresponds to 2.21 Ib in the sense that the weight 


of | kg at the earth’s surface is 2.21 lb.) 
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1 slug = 14.6 kg 
(Note: 1 slug corresponds to 32.2 lb in the sense that the weight 
of | slug at the earth’s surface is 32.2 lb.) 
1 atomic mass unit (u) = 1.66 x 10-7 kg = 1.49 x 107-!° J = 931 MeV 


Force 

1 newton (N) = 0.225 Ib = 3.60 oz 

1 pound (Ib) = 16 ounces (0z) = 4.45 N 

(Note: 1 lb corresponds to 0.454 kg = 454 g in the sense that the mass 
of something that weighs | lb at the earth’s surface is 0.454 kg.) 


Pressure 

1 Pa= 1 N/m? = 2.09 x 107? lb/ft? = 1.45 x 1074 Ib/in.? 
1 lb/in.2 = 144 Ib/ft? = 6.90 x 10 Pa 

1 atm = 1.013 x 10° Pa = 14.7 Ib/in.2 


Energy 

1 joule (J) = 0.738 ft-lb = 2.39 x 1074 kcal = 6.24 x 10!8 eV 

1 foot-pound (ft-lb) = 1.36 J = 1.29 x 10-3 Btu = 3.25 x 107+ kcal 
1 kilocalorie (kcal) = 4185 J = 3.97 Btu = 3077 ft-Ib 

1 Btu = 0.252 kcal = 788 ft-lb 

1 electronvolt (eV) = 10-® MeV = 10~? GeV = 1.60 x 10°19 J 


Power 

1 watt (W) = 1 J/s = 0.738 ft-Ib/s 

1 kilowatt (kW) = 10° W = 1.34 hp 

1 horsepower (hp) = 550 ft-lb/s = 746 W 
1 refrigeration ton = 12,000 Btu/h 


Temperature 

Tc = 5/9(Tr — 32°) 
Tr = 9/5(Tc + 32°) 
Tx = Tc + 273° 

Tr = Tr + 460° 
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APPENDIX C 


Natural Trigonometric 
Functions 


1.036 
1.072 
1.111 
1.150 
1.192 
1.235 
1.280 
1.327 
1.376 
1.428 
1.483 
1.540 
1.600 
1.664 
1.732 
1.804 
1.881 
1.963 
2.050 
2.145 
2.246 


(Continued) 
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456 ATURAL TRIGONOMETRIC FUNCTIONS [APP. C 


Aberration, spherical, 388 
Absolute pressure, 191 
Absolute temperature scale, 227 
Absolute zero, 227, 233 
Absorption line spectrum, 422 
Acceleration, 33 

angular, 114 

centripetal, 101 

distance, velocity, and, 34 

and force, 50 

of gravity, 40, 106 
Acceptor level, 435 
Action and reaction forces, 58 
Activity, or radioactive substance, 447 
Adiabatic process, 246 
Addition, vector, 22, 25 
Algebra, 1 
Allowed energy band, 432 
Alpha decay, 445 
Alternating current, 338, 350 

parallel, 363 
Amorphous solid, 432 
Ampere, 278 
Amplitude, 167, 180 
Angle of incidence, 378 
Angle of refraction, 378 
Angle of repose, 69 
Angle of shear, 162 
Angle: 

critical, 381 

phase, 353, 356 

solid, 373 
Angular acceleration, 114 
Angular frequency, 169 

of alternating emf, 350 

and linear quantities, 122 
Angular magnification, 404 
Angular measure, | 12 


Angular momentum, 121 
Angular velocity, 112 

and linear velocity, 113 
Antilogarithm, 182 
Apparent depth, 382 
Apparent power, 360 
Apparent weight, 60 
Archimedes’ principle, 193 
Atmosphere, 191 
Atmospheric pressure, 191 
Atomic mass unit, 236 
Atomic number, 441 
Atomic orbital, 424 
Atomic spectra, 422 
Atomic structure, 267, 424 
Atom, 236 

Bohr model of, 421 

quantum theory of, 424 
Attenuation, 185 
Avogadro’s number, 237 


Bands, energy, 432 

Banked curve, 103 

Bar, 191 

Batteries, series and parallel, 295 
Battery capacity, 284 

Belt and gear drives, 152 
Bernoulli’s equation, 203 

Beta decay, 448 

Binding energy, 442 

Blackbody, 262 

Bohr model of hydrogen atom, 421 
Boiling point, 218 

Boltzmann’s constant, 233 

Bonds, chemical, 431 

Boyle’s law, 226, 233 

British thermal unit (Btu), 214 
British units of mass and weight, 53 
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Bulk modulus, 162 
Buoyant force, 193 


Cable force transmission by, 55 
Calorie, 215 
Candela, 373 
Candlepower, 373 
Cantilever, 135 
Capacitance, 308 

equivalent, 310 
Capacitive reactance, 352 
Capacitor, 308 

charging of, 313 

energy of, 312 
Capacitors in parallel, 310 
Capacitors in series, 310 
Carnot engine, 249 
Celsius temperature scale, 213 
Center of gravity, 134, 139 
Centigrade temperature scale, 213 
Centripetal acceleration, 101 
Centripetal force, 101 
Chain hoist, 148 
Chain reaction, 444 
Change of state, 216 
Charge: 

electric, 266 

magnetic force on moving, 223 
Charles’s law, 227, 233 
Chemical bonds, 431 
Circuits: 

alternating current, 350 

direct current, 277, 289 
Circular mil, 281 
Circular motion, 101, 104 
Coefficient of friction, 67 


Coefficient of linear expansion, 224 


Coefficient of performance, 253 
Coefficient of restitution, 94 


Coefficient of volume expansion, 224 


Coercive force, 328 
Coherent light, 410 
Collisions, 92 

energy transfer in, 95 
Components of a vector, 23 
Compound machine, 146 
Compound, chemical, 236 
Compressibility, 162 
Compression, 157 
Concave mirror, 387 
Concurrent forces, 133 


INDEX 


Conduction: 

of electricity, 277 

of heat, 259 

in insulator, 434 

in metal, 433 

in semiconductor, 434, 435 
Conductor, electric, 277 


Conservation of angular momentum, 121 


Conservation of charge, 266 
Conservation of energy, 81, 245 


Conservation of linear momentum, 91 


Constants, table of physical, 452 
Constructive interference, 409 
Convection, 261 
Converging lens, 396 
Conversion factor table, 453 
Convex mirror, 387 
Cosine, 20 
Coulomb, 267 
Coulomb’s law, 267 
Covalent bonds, 431 
Critical angle, 381 
Cross-multiplication, 3 
Crystals, 431 
Crystal types, 433 
Curie, 447 
Current: 
electric, 277 
alternating, 338, 350 
direct, 288 
effective, 350 
instantaneous, 351 
magnetic field of loop, 321 
magnetic field of straight, 320 
magnetic force on, 323, 324 
tank, 364 


de Broglie waves, 419 
Decay, radioactive, 445 
Deceleration, 33 
Decibel, 183 
Demagnetization, 329 
Density, 190 
probability, 424 
relative, 190 
Depth, apparent, 382 
Destructive interference, 409 
Dew point, 236 
Diamagnetism, 327 
Dielectric constant, 309 
Diesel engine, 252 
Differential pulley, 148 


INDEX 459 


Diffraction, 411 Energy (Cont.): 

X-ray, 432 conservation of, 81 
Diffraction grating, 411 of a current-carrying inductor, 341 
Diode, semiconductor, 436 elastic potential, 166 
Direct-current circuits, 289 in harmonic motion, 171 
Distance, velocity and acceleration, 34 internal, 213 
Diverging lens, 396 ionization, 421 
Domains, magnetic, 327 kinetic, 78 
Donor level, 435 molecular, 234 
Doppler effect, 185 potential, 79 
Dynamical similarity, 208 rotational, 118 

rest, 81 
Earth’s magnetic field, 322 Energy bands, 432 
Effective current and emf, 350 Energy levels, atomic, 421 
Efficiency, 76 Energy transfer in collisions, 95 
of engine, 250 Engine: 

luminous, 373 Carnot, 249 

of machine, 146 diesel, 252 
Elastic collision, 94 efficiency, 250 
Elastic limit, 157 gasoline, 251 
Elastic potential energy, 166 heat, 245 
Elasticity, 157 power output of, 249 

modulus of, 157 Equations, 2 
Electric charge, 266 Equilibrium, 128, 133 
Electric circuits, 278 Equivalent capacitance, 310 

alternating-current, 350 Equivalent resistance, 288, 290 

direct-current, 289 Evaporation, 235 
Electric current, 277 Excited atoms, 421 
Electric field, 269 Exclusion principle, 424 
Electric force, 266, 270 Expansion, thermal, 224 
Electric motor, 325 Exponent, 4 
Electric power, 282 Exponential, 314 


Electromagnet, 327 
Electromagnetic induction, 335 


Electromagnetic interaction, 319, 444 Fahrenheit temperature scale, 213 
Electromagnetic waves, 180, 262, 372 Falling bodies, 40 
Electromotive force (emf), 294 Farad, 308 
effective, 350 Faraday’s law, 336 
induced, 335 Ferromagnetism, 327 
self-induced, 340 Field: 
Electron, 266 electric, 269 
positive, 445 magnetic, 319 
Electron capture, 446 Field lines, 270, 321, 336 
Electron microscope, 419 First law of motion, 50 
Electron shell, 425 Fission, nuclear, 443 
Electron spin, 424 Flow, fluid, 201 
Electronvolt, 414 Fluids: 
Elements, 236 in motion, 21 
Emission line spectra, 422 pressure in, 192 
Emissivity, 262 at rest, 190 
Energy, 78 Flux: 
binding, 442 luminous, 373 


of a charge capacitor, 312 magnetic, 335 
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Focal length: 
of lenses, 396 
of spherical mirrors, 387 
Focal point, 387, 396 
Footcandle, 374 
Foot-pound, 75 
Forbidden bands, 432 
Force, 50 
and acceleration, 50 
buoyant, 194 
centripetal, 101 
electric, 266, 270 
electromotive, 294, 340 
fundamental, 441 
gravitational, 106 
magnetic, 319, 324 
moment of, 117 
net, 50 
reaction, 58 
restoring, 166 
between two currents, 324 
Force constant, 166 
Forces, concurrent and nonconcurrent, 133 
fundamental, 441 
Free-body diagram, 55, 128 
Frequency, 168, 179 
angular, 169, 350 
of alternating current, 350 
period and, 167, 179 
resonance, 359, 364 
wavelength and, 181 
Friction, 67 
Fulcrum, 149 
Fundamental forces, 441 
Fusion: 
heat of, 216 
nuclear, 444 


Gain, power, 183 

Gamma ray, 445 

Gas, ideal, 228 

Gas, work done by and on, 246 
Gas constant, universal, 239 
Gases, kinetic theory of, 234 
Gasoline engine, 251 

Gauge pressure, 191 

Gauss, 319 

Gear drive, 152 
Geomagnetic poles, 322 
Geometrical optics, 409 
Geostationary orbit, 107 
Gravitational, 106 


INDEX 


Gravitational potential energy, 81 
Gravity: 

acceleration of, 40, 106 

center of, 134, 139 

specific, 191 
Ground state of atom, 421 
Gyration, radius of, 118 


Half-life, radioactive, 447 
Harmonic motion, 167 
energy in, 171 
Head, in fluid flow, 204 
Heat, 213, 214 
Heat capacity, 214 
Heat engine, 245 
Heat of fusion, 216 
Heat transfer, 259 
Heat of vaporization, 217 
Henry, 339 
Hertz, 168, 179 
Hooke’s law, 157 
Horsepower, 76 
Humidity, 235 
Hydraulic press, 195 
Hydrogen atom, Bohr model of, 421 
Hypotenuse of a right triangle, 19 
Hysteresis, 327, 329 


Ideal mechanical advantage, 145, 195 
Ideal gas law, 228 
Illumination, 374 
Images, real and virtual, 390, 399 
Impedance, 356 
Impedance matching, 297, 366 
Impulse, 88 
Impulse-momentum theorem, 89 
Inclined plane, 151 
Index of refraction, 378 
Inductance, 339, 341 
Induction, electromagnetic, 325 
Inductive reactance, 352 
Inductor, 339 

energy of a current-carrying, 341 
Inductors, in combination, 341 
Inelastic collision, 94 
Inertia, 50 

moment of, 115 
Instantaneous current, 351 
Instantaneous velocity, 31 
Instantaneous voltage, 351 
Insulator, electric, 277 
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Intensity: Linear momentum, 88 
luminous, 374 conservation of, 91 
magnetic, 328 and impulse, 89 
sound, 183 Liquids: 
of wave, 180 expansion of, 225 

Interactions, fundamental, 441 structure of, 234 

Interference, 409 Logarithm, 181 

Internal energy, 213 Longitudinal wave, 178 

Internal combustion engine, 251 Loops: 

Internal reflection, total, 381 in electric circuit, 298 

Inverse trigonometric function, 20 magnetic field of a current, 321 

Ionic bonds, 431 Lumen, 373 

Ionization energy, 421 Luminous efficiency, 373 

Ions, 266 Luminous flux, 373 

Isobaric process, 246 Luminous intensity, 373 

Isothermal process, 246 Lux, 375 


Isotopes, 441 


Machines, 145 
compound, 146 
hydraulic press, 195 

Magnet, permanent, 327 


Joule, 74 
Junctions, 298 


Kelvin, 228 Magnetic field, 319 
Kilocalorie, 214 of a current loop, 321 
Kilogram, 50 of the earth, 322 
Kilowatt-hour, 76 of a straight current, 320 
Kinetic energy, 79, 118 Magnetic flux, 335 
Kinetic friction, 67 Magnetic forces, 319 
Kinetic theory of gases, 233 on a current, 323 
Kirchhoff’s rules, 298 on a moving charge, 323 
Magnetic intensity, 327 
Laser, 423 Magnetic poles, 327 
LED, 436 Magnetism, 319 
Lens equation, 399 Magnetization curve, 328 
Lens system, 403 Magnetizing field, 327 
Lenses, 396 Magnetizing force, 327 
Lensmaker’s equation, 396 Magnification: 
Lenz’s law 336 angular, 404 
Lever, 149 of lens, 399 
Light, 372 of lens systems, 403 
coherent, 410 of spherical mirror, 390 
diffraction of, 411 Magnifying glass, 402 
interference, 409 Mass, 50 
polarized, 412 of atom, 236 
quantum theory of, 413 and weight, 52, 54 
reflection of, 377 Matter waves, 419 
refraction of, 378 Mechanical advantage, 145, 195 
velocity of, 372 Meniscus lens, 397 
Light-emitting diode (LED), 436 Metal, conduction in, 435 
Line spectra, 422 Metallic bonds, 431 
Linear and angular quantities, 122 Metastable state, 423 
Linear expansion, 224 Microscope, 403 


Linear magnification, 390, 399 electron, 419 
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Mil, 281 
Millibar, 191 
Mirror equation, 390 
Mirror, parabolic, 388 
plane, 378 
spherical, 387 
Modulus, bulk, 162 
shear, 160 
Modulus of elasticity, 157 
Modulus of rigidity, 160 
Modulus, Young’s, 158 
Molar volume, 238 
Mole, 236 
Molecular energy, 233 
Molecule, 236, 431 
Moment arm of a force, 116 
Moment of a force, 117 
Moment of inertia, 115 
Momentum, 88 
angular, 121 
conservation of, 91, 121 
and impulse, 89 
Motion: 
circular, 101 
of fluids, 202 
harmonic, 167 
laws of, 50, 58 
periodic, 167 
projectile, 42 
rotational, 112 
of satellite, 107 
straight line, 32 
vertical plane, 104 
Motor, electric, 325 


Net force, 50 

Neutron, 441 

Newton (unit of force), 50 
Newton’s law of gravitation, 106 
Newton’s laws of motion, 50, 58 
Nonconcurrent forces, 133 
Normal to a surface, 378 
Nuclear fission, 443 

Nuclear fusion, 444 

Nuclear reactions, 443 

Nucleon, 441 

Nucleus, 266, 444 


Objects, real and virtual, 388, 399 
Ohm, 278 
Ohm’s law, 278 
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Optics: 
geometrical, 409 
of lenses, 396 
of mirrors, 387 
physical, 409 

Orbit, satellite, 107 

Orbital, atomic, 424 


Parabolic mirror, 388 
Parallel ac circuits, 363 
Parallel: 

capacitors in, 310 

inductors in, 341 

resistors in, 290 
Parallel-plate capacitor, 308 
Paramagnetism, 327 
Pascal, 157, 191 
Pendulums, 172 
Performance, coefficient of, 253 
Period, frequency and, 168, 179 
Periodic motion, 167 
Periodic wave, 178 
Permanent magnet, 327 
Permeability, 320 
Permittivity of free space, 267 
Phase angle, 353, 356 
Phasor, 353 
Photoelectric effect, 415 
Photon, 413 


Physical constants and quantities, table, 452 


Physical optics, 409 
Physical pendulum, 172 
Planck’s constant, 413 
Plane, inclined, 151 
Plane mirror, 378 
Planoconvex lens, 396 
Plasma, 277 
Poise, 207 
Poiseuille’s law, 208 
Polarization, 412 
Poles, magnetic, 327 
Positron, 445 
Potential difference, 271 
Potential energy, 80 
elastic, 166 
Pound, 53 
Power, 76 
in ac circuits, 360 
electric, 282 
of engine, 249 
in fluid flow, 203 
in rotational motion, 120 


Power factor, 360 
Power gain, 183 
Powers of ten, 5 
prefixes for, 9 
Pressure, 162, 191 
absolute. 191 
atmospheric, 191 
boiling point and, 218 
in a fluid, 192 
gauge, 191 
and velocity, 206 
Probability density, 424 
Projectile motion, 42 
Proton, 266, 444 
Pulley system, 148, 154 
Pythagorean theorem, 20 


Quanta, 414 


Quantities, table of physical, 455 


Quantum numbers, 421, 424 
Quantum theory of atom, 424 
Quantum theory of light, 413 


Radar, 180 
Radian, 112 
Radiation, 262 
Radioactive decay, 445 
Radiocarbon, 447 
Radius of gyration, 118 
Rankine scale, 227 
Ray tracing: 
for lenses, 398 
for spherical mirrors, 388 
Reactance, 352 
Reaction, chain, 444 
nuclear, 443 
Reaction force, 58 
Real image, 388 
Real object, 388 
Reciprocals, 4 
Reflection of light, 377 
total internal, 381 
Refraction, index of, 378 
Refraction of light, 378 
Refrigerant, 252 
Refrigerator, 252 
Relative density, 191 
Relative humidity, 235 
Relativity, theory of, 188 
Resistance: 
electrical, 278 
equivalent, 288, 290 
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Resistance (Cont.): 

internal, 294 

thermal, 260 
Resistance thermometer, 280 
Resistivity, 279 
Resistors in parallel, 290 
Resistors in series, 288 
Resolving power, 411 
Resolving a vector, 23 
Resonance, 359, 364 
Resonance frequency, 359, 364 
Rest energy, 81 
Restitution, coefficient of, 94 
Restoring force, 166 
Resultant of vectors, 17, 22, 25 
Retentivity, 328 
Reynolds number, 208 
Right triangle, 19 
Rocket thrust, 90 
Rolling friction, 68 
Root of a quantity, 4 
Rotational energy, 118 
Rotational equilibrium, 133 
Rotational motion, 112 

and torque, 117 


Satellite motion, 107 
Saturated air, 235 
Saturation, magnetic, 329 
Scalar quantities, 17 
Screw, 151 
Second law of motion, 50 
Self-inductance, 339 
Semiconductor, 277, 434, 435 
Semiconductor diode, 436 
Series: 
capacitors in, 310 
inductors in, 340 
resistors in, 288 
Shear, 157 
Shear modulus, 160 
Shells, electron, 425 
Significant figures, 10 
Simple harmonic motion, 167 
Sine, 20 
Sliding friction, 68 
Slug, 53 
Snell’s law, 378 
Solenoid, 321 
inductance of, 339 
magnetic flux in, 336 
Solid angle, 373 
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Solids: 

amorphous, 435 

expansion, of, 225 

structure of, 433 
Solving equations, 2 
Sound waves, 182 

intensity of, 183 

speeds of, 182 
Specific gravity, 190 
Specific heat capacity, 214 
Spectra, atomic, 422 
Spectrograph, 411 
Spectrum, 379 
Speed, 31 

of light, 372 

of sound, 182 
Spherical aberration, 388 
Spherical mirrors, 378 
Spin, electron, 424 
Square root, 4 


Standard temperature and pressure (STP), 238 


Starting friction, 67 
State, change of, 217 
Static friction, 67 
Stefan-Boltzmann law, 262 
Steradian, 373 

STP, 238 

Strain, 157 

Streamline flow, 201 
Strength, ultimate, 157 
Stress, 157 

Strong interaction, 441 


Tangent, 20 
Tank current, 364 
Telescope, 391, 404 
Temperature, 213 
absolute, 227 
coefficient of resistance, 279 
Temperature scales, 213, 227 
Ten, powers of, 5 
Tension, 55, 159 
Terminal velocity, 40 
Tesla, 319 
Thermal conductivity, 259 
Thermal expansion, 225 
Thermal resistance, 260 
Thermodynamics, 245, 249 
Thermograph, 263 
Thermometer, 213 
resistance, 280 
Third law of motion, 58 
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Thrust of rocket, 90 
Time constant: 
of capacitive circuit, 313 
of inductive circuit, 341 
Ton, refrigeration, 254 
Torque, 116 
equilibrium and, 133 
rotational motion and, 117 
transmission of, 152 
Torr, 191 
Torricelli’s theorem, 204 
Torsion pendulum, 172 
Total internal reflection, 381 
Transformer, 337, 366 
Transistor, 437 
Translational equilibrium, 128 
Transverse wave, 178 
Triangle, right, 19 
Trigonometry, 19 


table of natural trigonometric functions, 455 


Turbulent flow, 201 


Ultimate strength, 157 
Uncertainty principle, 420 
Uniform circular motion, 102 
Units, 8, 53 

Universal gas constant, 239 


van der Waals forces, 431 
Vaporization, heat of, 217 
Vector addition, 17, 22, 25 
Vector components, 23 
Vector quantity, 17 
Vector resolution, 23 
Vectors, 17 
Velocity, 31 
angular, 112 
distance, acceleration and, 34 
in harmonic motion, 170 
instantaneous, 31 
of light, 372 
linear and angular, 113 
pressure and, 206 
of sound, 182 
terminal, 40 
wave, 181 
Virtual image, 388 
Virtual object, 388 
Viscosity, 207 
Volt, 271 
electron, 415 
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Voltage, effective, 351 Weak interaction, 441 
instantaneous, 351 Weber, 337 

Voltamperes, 360 Weight, 52, 54 

Volume: apparent, 59 
expansion of, 224 Weight density, 190 
molar, 238 Weightlessness, 60 

Wheatstone bridge, 294 

Water vapor density, 236 Wheel and axle, 150 

Water waves, 178 Work, 74 

Watt, 76 by and on a gas, 246 

Wave function, 419 rotational energy and, 118 


Wave velocity, 181 

Wavelength, 180 : ; 

Waves, 178 X-ray diffraction, 432 
de Broglie, 419 X-rays, 414 
electromagnetic, 180, 262, 372 
longitudinal and transverse, 178 
matter, 420 
periodic, 178 
sound, 182 Zero, absolute, 227 
water, 178 Zeroth power, 4 


Young’s modulus, 158 


